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i n t e r e s t  i n  w a t e r  r e s o u r c e s  s y s t e m s  h a s  b e e n  a  c r i t i c a l  
p a r t  o f  r e s o u r c e s  a n d  e n v i r o n m e n t  r e l a t e d  r e s e a r c h  a t  IIASA 
s i n c e  i t s  i n c e p t i o n .  A s  demands  f o r  w a t e r  i n c r e a s e  r e l a t i v e  
t o  s u p p l y ,  t h e  i n t e n s i t y  a n d  e f f i c i e n c y  o f  water r e s o u r c e s  
management  m u s t  b e  d e v e l o p e d  f u r t h e r .  T h i s  i n  t u r n  r e q u i r e s  
a n  i n c r e a s e  i n  t h e  d e g r e e  o f  d e t a i l  a n d  s o p h i s t i c a t i o n  o f  
t h e  a n a l y s i s ,  i n c l u d i n g  e c o n o m i c ,  s o c i a l  a n d  e n v i r o n m e n t a l  
e v a l u a t i o n  of  water r e s o u r c e s  d e v e l o p m e n t  a l t e r n a t i v e s  a i d e d  
by a p p l i c a t i o n  o f  m a t h e m a t i c a l  m o d e l i n g  t e c h n i q u e s ,  t o  
g s n e r a t e  i n p u t s  f o r  p l a n n i n g ,  d e s i g n  a n d  o p e r a t i o n a l  
d e c i s i o n s .  
I n  t h e  y e a r s  o f  1 9 7 6  a n d  1 9 7 7  IIASA i n i t i a t e d  a 
c o n c e n t r a t e d  r e s e a r c h  e f f o r t  f o c u s i n g  o n  t h e  m o d e l i n g  a n d  
f o r e c a s t i n g  o f  w a t e r  demands .  Our i n t e r e s t  i n  w a t e r  demands  
d e v e l o p e d  f r o m  t h e  g e n e r a l l y  a c c e p t e d  r e a l i z a t i o n  t h a t  t h e s e  
fdndamei2 ta l  a s p e c t s  o f  water r e s o u r c e s  management h a v e  n o t  
b e e n  g i v e n  d u e  c o n s i d e r a t i o n  i n  t h e  p a s t .  
T h i s  p a p e r ,  t h e  f i f t h  i n  t h e  IIASA w a t e r  demand s e r i e s ,  
r e p o r t s  o n  v a r i o u s  m e t h o d s  of f o r e c a s t i n g  i n d u s t r i a l  water 
u s e .  E s s s n t i a l l y ,  two  b a s i c  a p p r o a c h e s  are d i s t i n g u i s h e d .  
The  f i r s t  a p p r o a c h  is  t o  d i r e c t l y  p r o j e c t  w a t e r  u s e  by t r e n d  
~ x t r a p o l a t i o n ,  by a p p l i c a t i o n  o f  f i x e d  w a t e r  u s e  
c o e f f i c i e n t s ,  o r  by a p p l i c a t i o n  o f  m u l t i p l e  r e g r e s s i o n  
a x a l y s i s .  T h e  s e c o n d  i s  t o  d e v e l o p  a n  e x p l a n a t o r y  m o d e l  o f  
i n d u s t r i a l  water u s e  ( s t a t i s t i c a l  or e n g i n e e r i n g - e c o n o m i c  
m o d e l s ) ,  a n d  t h e n  p r o j e c t  c h a n g e s  i n  t h e  v a r i a b l e s  o f  t h e  
mode l  i n  o r d e r  t o  f o r e c a s t  f u t u r e  water u s e .  T h e  p a p e r  a l s o  
d i s c u s s e s  how t o  e s t i m a t e  a n d  u s e  demand f u n c t i o n s  f o r  
f o r e c a s t i n g  w a t e r  u s e .  
J a n u s z  K i n d l e r  
T a s k  L e a d e r  

' i n i s  p a p e r  2 r o v i d e s  a n  i n t r o d u c t i o n  t o  t h e  t h e o r y  a n a  
a n a l y t i c a l  metl lods of  f o r e c a s t i n g  i n d u s t r i a l  w a t e r  u s e .  Two 
~ a s i c  a p p r o a c h e s  t o  t h e  p r o b l e m  a r e  p r e s e n t e d - - f o r e c a s t i n g  
w i t n  a n a  w i t n o u t  the  u s e  o f  demana f u n c t i o n s  f o r  water. 
s e c t i o n  2 d i s c u s s e s  t h e  w i d e l y  used  w a t e r  u s e  c o e f f i c i e n t  
inetnou and r e g r e s s i o n  t e c h n i q u e s  f o r  f o r e c a s t i n g  w a t e r  u s e .  
S e c t i o n  3 r e v i e w s  t h e  s t a t i s t i c a l  and  e c o n o m i c - e n g i n e e r i n g  
m o u e l s  f o r  d e r i v i n g  i n d u s t r i a l  w a t e r  demand f u n c t i o n s .  
S e c t i o n  4 i l l u s t r a t e s  how w a t e r  demand f u n c t i o n s  c a n  b e  
u t i l i z e d  i n  f o r e c a s t i n g  e x e r c i s e s  and  d i s c u s s e s  t h e  
d i f f i c u l t i e s  o i  f o r e c a s t i n g  i n d u s t r i a l  water u s e .  
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1 I n t r o d u c t i o n  
- 
I n  t h e  l a s t  twenty  y e a r s  much p r o f e s s i o n a l  e f f o r t  h a s  
been i n v e s t e d  i n  b o t h  t h e o r e t i c a l  and a p p l i e d  w a t e r  
r e s o u r c e s  p l a n n i n g .  T h i s  i n t e r e s t  is e a s y  t o  u n d e r s t a n d ;  i n  
b o t h  t h e  deve loped  and d e v e l o p i n g  c o u n t r i e s  w a t e r  r e s o u r c e s  
p r o j e c t s  c o n s t i t u t e  a  s i g n i f i c a n t  p o r t i o n  o f  p u b l i c  c a p i t a l  
i n v e s t m e n t s .  T h i s  paper  s u r v e y s  t h e  me thodo log ie s  and s t a t e  
o f  t h e  a r t  of one o f  t h e  most  n e g l e c t e d  and y e t  i m p o r t a n t  
a s p e c t s  of  many w a t e r  r e s o u r c e s  p r o j e c t s - -  model ing  and  
f o r e c a s t i n g  i n d u s t r i a l  w a t e r  u s e .  
The te rm "water  demand" a s  commonly used i n  t h e  w a t e r  
r e s o u r c e s  l i t e r a t u r e  is ambiguous and o f t e n  m i s l e a d i n g .  
When r e f e r r i n g  t o  " i n d u s t r i a l  w a t e r  demand" i t  is n e c e s s a r y  
t o  make a  d i s t i n c t i o n  between t h e  "demand f u n c t i o n "  and 
" s u p p l y  and demand e q u i l i b r i u m . "  The amount o f  w a t e r  a n  
i n d u s t r y  w i l l  u s e  i n  t h e  f u t u r e  depends  on numerous f a c t o r s ,  
one  of which is t h e  p r i c e  o f  w a t e r  i t s e l f ,  ( o r  more 
g e n e r a l l y  t h e  m a r g i n a l  c o s t  o f  w a t e r  u s e ) .  I f  w e  assume 
t h a t  a l l  o t h e r  f a c t o r s  remain  c o n s t a n t  and w e  r a i s e  t h e  
p r i c e  o f  w a t e r ,  two t h i n g s  c o u l d  happen [ I ] .  S i n c e  t h e  
p r i c e  of  w a t e r  is h i g h e r ,  t h e  i n d u s t r i a l  p l a n t  may u s e  less 
w a t e r .  T h i s  is r e p r e s e n t e d  by a  s t a n d a r d  downward-sloping 
demand c u r v e .  A l t e r n a t i v e l y ,  when t h e  p r i c e  of w a t e r  r i s e s ,  
t h e  p l a n t ' s  u s e  of wa te r  may remain  unchanged. The q u a n t i t y  
of  w a t e r  demanded r ema ins  t h e  same whatever  t h e  p r i c e  
cha rged .  
Which of  t h e s e  two s i t u a t i o n s  is most a c c u r a t e  i n  any 
g i v e n  c a s e  o v e r  t h e  r e l e v a n t  r ange  o f  p r i c e  changes  is a n  
e m p i r i c a l  q u e s t i o n .  For example,  i f  w e  d e f i n e  t h e  commodity 
" w a t e r "  b r o a d l y  t o  i n c l u d e  a l l  H 0 i n  food and d r i n k ,  t h e  
human body h a s  a  v e r y  i n e l a s t i c  d e i a n d  f o r  w a t e r .  T h e r e  a r e  
no s u b s t i t u t e s .  On t h e  o t h e r  hand ,  t h e  e v i d e n c e  f o r  most 
i n d u s t r i a l  p l a n t s  i n d i c a t e s  t h a t  i n d u s t r i a l  w a t e r  u s e  
d e c l i n e s  when p r i c e s  r i se .  I n  b o t h  c a s e s ,  however, the re  is 
a  r e l a t i o n s h i p  between t h e  q u a n t i t y  of w a t e r  demanded and 
t h e  p r i c e  of wa te r .  Economic t h e o r y  a l s o  i n c l u d e s  t h e  
p r i c e s  of  o t h e r  f a c t o r s  o f  p r o d u c t i o n  and t h e  l e v e l  o f  
o u t p u t  a s  d e t e r m i n a n t s  of t h e  q u a n t i t y  of  a  " f a c t o r  o f  
p r o d u c t i o n "  demanded. Thus,  t h e  s t a n d a r d  i n d u s t r i a l  demand 
f u n c t i o n  f o r  w a t e r  s t a t e s  t h a t  t h e  q u a n t i t y  o f  w a t e r  
demanded i s  a  f u n c t i o n  o f  t h e  p r i c e  of  w a t e r ,  t h e  p r i c e s  of 
o t h e r  f a c t o r s  of p r o d u c t i o n ,  and t h e  l e v e l  o f  o u t p u t .  
The q u a n t i t y  of wa te r  a c t u a l l y  used and t h e  p r i c e  of 
w a t e r  a r e ,  however,  s i m u l t a n e o u s l y  "de te rmined"  by b o t h  t h i s  
demand f u n c t i o n  and t h e  s u p p l y  f u n c t i o n .  Over time b o t h  t h e  
s u p p l y  and demand f u n c t i o n s  w i l l  change  due t o  c h a n g e s  i n  
p o p u l a t i o n ,  t a s t e s ,  t e c h n o l o g y ,  income, and numerous o t h e r  
f a c t o r s .  A s  i l l u s t r a t e d  i n  F i g u r e  1, t h e  demand f u n c t i o n  is  
commonly assumed t o  s h i f t  upward and t o  t h e  r i g h t  d u e  t o  
i n c r e a s e s  i n  income o r  o u t p u t .  The s u p p l y  c u r v e  is  commonly 
cssurned t o  s h i f t  downward and  t o  t h e  r i g h t  due  t o  
improvements  i n  t e c h n o l o g y .  Over t i m e  t h e  s h i f t i n g  s u p p l y  
and demand f u n c t i o n s  t r a c e  o u t  a  s e r i e s  of  e q u i l i b r i a .  
Price of 
water 
On Quality of water 
F I G U R E  1 
Thus ,  t h e  i n d u s t r i a l  f a c i l i t y  u s e s  q u a n t i t y  o f  w a t e r  Q 
a t  t i m e  t ,  Q 1  a t  t + l ,  and  Q" a t  t + 2 .  The upward s h i f t  o f  
t h e  demand c u r v e  and t h e  downward s h i f t  of t h e  s u p p l y  c u r v e  
a r e  m e r e l y  commonly o b s e r v e d  t r e n d s  f o r  many commodi t i e s .  
Demand c o u l d ,  o f  c o u r s e ,  s h i f t  l e f t w a r d  due  t o  a  f a l l  i n  
income o r  o u t p u t ,  o r  t e c h n o l o g i c a l  change .  Both  t h e  
d i r e c t i o n  and  t h e  magn i tude  o f  t h e  s h i f t s  a r e  q u e s t i o n s  f o r  
e n p i r l c a l  i n v e s t i g a t i o n .  
T h e r e  a r e  e s s e n t i a l l y  two a p p r o a c h e s  t o  f o r e c a s t i n g  
i n d u s t r i a l  w a t e r  u s e .  The f i r s t  is t o  a t t e m p t  t o  p r o j e c t  
d i r e c t l y  t h e  e q u i l i b r i u m  p o i n t s  A e tc .  The  s e c o n d  
is  t o  e s t i m a t e  b o t h  t h e  s u p p l y  a n & + ~ ; m g h ~ ~ f  u n c t i o n s ,  p r o j e c t  
t h e i r  movement o v e r  time, and  t h e n  s o l v e  f o r  t h e  s u p p l y  and 
demznd e q u i l i b r i u m  i n  e a c h  p e r i o d .  E i t h e r  a p p r o a c h  c a n  be 
u s e d  f o r  s h o r t  run  o r  l o n g  r u n  f o r e c a s t i n g .  
T h i s  s e c o n d  a p p r o a c h  is e s s e n t i a l l y  a two s t e p  p r o c e s s .  
T h e  a n a l y s t  f i r s t  d e v e l o p s  a n  e x p l a n a t o r y  m o d e l  o f  
i n d u s t r i a l  w a t e r  u s e  a n d  t h e n  p r o j e c t s  c h a n g e s  i n  t h e  
v a r i a b l e s  i n  t h e  mode l  i n  o r d e r  t o  f o r e c a s t  f u t u r e  w a t e r  
u s e .  I f  t h e  a n a l y s t  h a s  e s t i m a t e d  t h e  demand a n d  s u p p l y  
f u n c t i o n s ,  s h o r t  r u n  f o r e c a s t i n g  may b e  n o  more t h a n  a n  
e x e r c i s e  i n  c o m p a r a t i v e  s t a t i c s .  For  e x a m p l e ,  i f  t h e  o n l y  
c h a n g e  e x p e c t e d  i s  t h e  i n c r e a s e d  c o s t  o f  s u p p l y i n g  a  g i v e n  
q u a n t i t y  o f  water, o n e  c a n  e s t i m a t e  t h e  r e s u l t i n g  d e c r e a s e  
i n  t h e  q u a n t i t y  o f  w a t e r  u s e d  ( F i g u r e  2 a ) .  A l t e r n a t i v e l y ,  
if t h e  demand f u n c t i o n  f o r  w a t e r  is e x p e c t e d  t o  s h i f t  d u e  t o  
e c o n o m i c  g r o w t h  a n d  t h e  s u p p l y  c u r v e  r e m a i n s  u n c h a n g e d ,  o n e  
c a n  e s t i m a t e  t h e  i n c r e a s e  i n  t h e  q u a n t i t y  o f  water u s e d  a n d  
t h e  i n c r e a s e d  p r i c e  n e c e s s a r y  t o  c h o k e  o f f  e x c e s s  demand 
( F i g u r e  2 b ) .  
P r i c e  
0 f 
wate r  
P' - 
P - 
Q' Q 
Quant i ty  of Water Quan t i t y  Water 
T h i s  p a p e r  d e s c r i b e s  t h e s e  two f o r e c a s t i n g  
m e t h o d o l o g i e s  a n d  t h e  a n a l y t i c a l  t e c h n i q u e s  commonly u s e d  t o  
i m p l e m e n t  them. The  p r i m a r y  f o c u s  is  o n  t h e  e s t i m a t i o n  of 
i n d u s t r i a l  w a t e r  demand f u n c t i o n s  b e c a u s e  w e  f e e l  t h a t  t h i s  
is  a n  a r e a  o f  a n a l y s i s  w h i c h  m u s t  b e  f u r t h e r  d e v e l o p e d  t o  
e n s u r e  more e ~ f e c t i v e  p l a n n i n g  o f  w a t e r  r e s o u r c e s  
development. Tne  s u p p l y  s ide  O L  C h e  p r o b l e m  has r e c e i v e d  
e x t e n s i v e  e f f o r t ,  n u t  w a t e r  r e s o u r c e s  p l a n n e r s  n a v e  
t y p i c a l l y  h a n a l e a  t he  demand s i a e  i n  a v e r y  a a  n o c  manner .  
'Lne q u a n t i t y  o i  w a t e r  u s e d  h a s  Deen assumed t o  be 
i n s e n s i t i v e  t o  t ~ i e  p r i c e  o f  w a t e r  ( o r ,  more g e n e r a l l y ,  t n e  
a a r g i n a l  c o s t  o f  w a t e r  u s e )  and t h u s  s i m p l y  a  " r e q u i r e m e n t " .  
* ~ n i s  h a s  r e c e n t l y  p r o v e d  i n a d e q u a t e  i n  many c o u n t r i e s  [2]. 
? h i s  s i t u a t i o n  i n  w a t e r  r e s o u r c e s  p l a n n i n g  i s  i n  many 
ways  a n a l o g o u s  t o  t h e  d i f f i c u l t i e s  f a c e d  by u t i l i t i e s  i n  
f o r e c a s t i n g  e l e c t r i c i t y  demano . H i s t o r i c a l l y  e l e c t r i c i t y  
u s e  g r e w  a t  a  s t e a d y ,  c o n s t a n t  r a t e .  R e l a t i v e  p r i c e  c h a n g e s  
w e r e  s m a l l ,  a n a l  i n  f a c t ,  r e a l  p r i c e s  o f t e n  d e c l i n e d  [ 3 ] .  
F o r e c a s t s  b a s e d  on  a n  e x t r a p o l a t i o n  of  t h i s  h i s t o r i c a l  
g r o w t h  t r e n a  p r o v e d  v e r y  a c c u r a t e .  R e c e n t  i n c r e a s e s  i n  
r e l a t i v e  p r i c e s ,  n o w e v e r ,  h a v e  r e s u l t e d  i n  r e a u c t i o n s  i n  
a c t u a l  u s e .  S i m i l a r l y ,  w a t e r  u s e  f o r e c a s t s  w n i c h  assume  
c o n s t a n t  r e l a t i v e  p r i c e s  a r e  necoming  v e r y  u n r e l i a ~ l e .  i h e  
h i g h  c o s t s  o f  b r i n g i n g  a d a i t i o n a l  water s u p p l i e s  f r o m  a r e a s  
t a r t h e r  a n u  f a r t n e r  away f r o m  t h e  a r e a  o f  u s e ,  a n d  t n e  
i m p o s i t i o n  o f  w a t e r  p o l l u t i o n  c o n t r o l  r e q u i r e m e n t s  n a v e  
g r e a t l y  i n c r e a s e d  t n e  c o s t s  o f  w a t e r  u s e  i n  many c o u n t r i e s  
a n a  seem t o  e n s u r e  e v e n  h i g h e r  c o s t s  i n  t h e  t u t u r e .  
n a t e r  aemanu   unctions a re  n o t  s i m p l y  a n  a d a e a  
a n a l y t i c a l  s o p n i s t i c a t i o n  t o  b e  t a c k e d  on  t o  Sound w a t e r  
r e s o u r c e s  e n g i n e e r i n g .  'lahey p r o v i d e  n e c e s s a r y  i n f o r m a t i o n  
f o r  t n e  d e t e r m i n a t i o n  o f  more s o c i a l l y  o p t i m a l  d e c i s i o n s  
r e g a r u i n g  w a t e r  r e s o u r c e s  d e v e l o p m e n t .  U n t i l  t n e  r e l e v a n t  
uemand f u n c t i o n s  a r e  known, t n e  b e n e f i t s  o f  a p o l i c y  o r  
~ r o j e c t  c a n n o t  b e  e s t i m a t e d .  T n i s  p o i n t  i s  o f t e n  o v e r l o o k e d  
wnen o n e  t h i n k s  i n  terms o i  water " r e q u i r e m e n t s "  b e c a u s e  t n e  
w a t e r  r e q u i r e m e n t s  a p p r o a c h  a s s u m e s  t h a t  t h e  b e n e f i t s  f r o m  
water u s e  a r e  i n f i n i t e ,  a n d  t h e  r e q u i r e m e n t s  m u s t  be m e t  
w n a t e v e r  t h e  c o s t .  
Much o f  t n e  c o n f u s i o n  i n  t h e  water r e s o u r c e s  l i t e r a t u r e  
c o n c e r n i n g  t n e  e c o n o m i c  a s p e c t s  o f  w a t e r  u s e  a n d  t h e  
s i m u l t a n e o u s  d e t e r m i n a t i o n  o f  q u a n t i t y  a n d  p r i c e  a r i s e s  f rom 
t h e  d i f f e r e n t  m e a n i n g s  a n d  i n t e r p r e t a t i o n s  w h i c h  c a n  b e  
a t t a c h e d  t o  t h e  terms " w a t e r  s u p p l y  f u n c t i o n "  a n d  " p r i c e  o f  
d a t e r . "  I n  t h e  c l a s s i c a l  c o m p e t i t i v e  e q u i l i b r i u m ,  t n e  s u p p l y  
c u r v e  is  characterizes as upward s l o p i n g - - t n e  n i g h e r  t h e  
p r i c e ,  t n e  g r e a t e r  t n e  q u a n t i t y  p r o d u c e r s  w i l l  b e  w i l l i n g  t o  
s u p p l y .  C o m p e t i t i v e  s u p p l y  and demand c o n d i t i o n s ,  a s s u m i n g  
n o  e x t e r n a l i t i e s ,  e n s u r e  t h a t  t n e  g r i c e  is e q u a l  t o  t n e  
m a r g i n a l  c o s t  o f  s u p p l y i n g  t h e  commodi ty .  l 'hus ,  t n e  s u p p l y  
c u r v e  i s  s i m p l y  t h e  upward s l o p i n g  $ o r t i o n  o f  t n e  m a r g i n a l  
c o s t  c u r v e  where  p r o f i t s  a r e  n o n n e y a c i v e .  
T h i s  s i m p l e  c o m p e t i t i v e  model is n o t  an a c c u r a t e  
d e s c r i p t i o n  of t h e  w a t e r  s u p p l y  i n d u s t e v  ir: e i t h e r  m a r k e t  o r  
c e n t r a l l y  p l a n n e d  economies .  B i s t c r i e 2 i S y 9  wa te r  s u p p l i e s  
have  e i t h e r  b2zi-i a v a i l a b l e  t o  F n a c r s i r y  free of c h a r g e  o r  
r e g u l a t e d  by g o v e r n n e n t a l  a u t h o r i t i e s .  Governments f a c e  no 
m a r k e t  p r e s s u r e s  t o  c h a r g e  t h e  m a r g i n a l  c o s t  f o r  water 
s u p p l i e s ;  few have  e v e r  c o n s i d e r e d  d o i n g  s o .  N e v e r t h e l e s s ,  
t h e  s i m p l e  s u p p l y  and demand model i s  i m p o r t a n t  i n  w a t e r  
r e s o u r c e s  p l a n n i n g  because  i t  i l l u s t r a t e s  t h e  d e t e r m i n a t i o n  
o f  t h e  s o c i a l l y  o p t i m a l  l e v e l  o f  w a t e r  u s e .  I f  t h e  s u p p l y  
c u r v e  r e f l e c t s  t h e  m a r q i n a l  - -- s o c i a l  -c o s t s  o f  s u p p l y i n g  water 
and t h e  demand c u r v e  r e p r e s e n t s  t h e  --- m a r g i n a l  s o c i a l  b e n e f i t s  
o f  w a t e r  u s e ,  t h e n  a t  t h e  s u p p l y  a n d  demand e q u i l i b r i u m  
w a t e r  s u p p l i e s  a r e  d e v e l o p e ?  t o  t h e  point where t h e  m a r g i n a l  
c o s t s  e q u a l  t h e  m a r g i n a l  b e n e f i t s .  I f  any more w a t e r  is 
p r o v i d e d ,  t h e  s o c i a l  c o s t s  t~ s o c i e t y  of s u p p l y i n g  t h e  w a t e r  
exceed  t h e  s o c i a l  b e n e f i t s  of c s i n g  i t *  Thus ,  t h i s  
c o n c e p t u a l  framework d e f i n e s  t h e  o p t i m ~ 1  q u a n t i t y  of w a t e r  
u s e  and i s  common t o  b o t h  marke t  and z e n t r t l l y  p l a n n e d  
economies .  The p r i c e  mechanism i s  o n l y  a means of a c h i e v i n g  
t h i s  o p t i m a l  q u a n t i t y  of w a t e r .  I f  - the  economic p l a n n i n g  
u n i t  knew t h e  o p t i m a l  q u a n t i t i e s  of w z t e r  f o r  e a c h  u s e r  and  
c o u l d  e n f o r c e  i t s  d i r e c t i v e s ,  i t  c o u l d  s i n p l y  o r d e r  t h a t  t h e  
o p t i m a l  q u a n t i t y  be used.  
The p r o b l e ~ n  f o r  the e a c e r  r e s c u r c e s  p l a n n e r  i s  t h e n  t o  
e n s u r e  t h a t  t h e  i n d u s t r y  u s e s  t h e  o p t i m a l  q u a n t i t y  of  water 
o r ,  a l t e r n a t i v e l y ,  t h a t  t h e  i n d u s t r y  f a c e s  t h e  a p p r o p r i a t e  
i n c e n t i v e s  t o  u s e  t h ~  s o c i a l l y  o p t i m a l  q u a r i t i t y  of  water. 
I n  t h i s  c o n t e x t  t h e  term " p r i c e  c f  water"  g e n e r a l l y  means 
t h e  m a r g i n a l  s o c i a l  c o s t  of t h e  i n d u s t r y  u s i n g  a g a l l o n  o f  
w a t e r ,  i n c l u d i n g  c h a r g e s  f o r  w i t h d r a w a l  (assuming  t h e y  
r e f l e c t  t h e  m a r g i n a l  c o s t  o f  s u p p l y ) ,  i n t a k e  t r e a t m e n t ,  
pumping, and u l t i m a t e l y  d i s p o s e 1  o f  t h e  w a t e r  and t h e  
r e s i d u a l s  i t  may be c a r r y i n g .  One c a n ,  however ,  
c o n c e p t u a l i z e  w a t e r  p o l l u t i o n  c o n t r o l  r e q u i r e m e n t s  as a t a x  
which i m p a c t s  e i t h e r  t h e  s u p p l y  or  demand s i d e  of t h i s  
" m a r k e t  f o r  w a t e r . "  I f  t h e  impac t  of w a t e r  p o l l u t i o n  
a b a t e m e n t  r e q u i r e m e n t s  is i n c l u d e d  on t h e  demand s i d e ,  t h e n  
t h e  m a r g i n a l  b e n e f i t s  t o  t h e  i n d u s t r y  of u s i n g  water a r e  
r educed  due  t o  t h i s  " p o l l u t i o n  t a x . "  The demand c u r v e  
s h i f t s  downward t o  t h e  l e f t ,  a s  shown i n  F i g u r e  3.  
T h i s  c a s e  cor respor :ds  t o  t h e  p o l i c y  of most  m a r k e t  
economies  of " p o l l u t e r  p a y s ,  IN e ,  . t h e  i n d u s t r y  is 
r e s p o n s i b l e  f o r  pay ing  t h e  p o l l u t i o n  " t a x " .  A l t e r n a t i v e l y ,  
i f  we view t h e  impac t  of w a t e r  p o l l u t i o n  c o n t r o l  
r e q u i r e m e n t s  on t h e  s u p p l y  s i d e ,  t h e n  t h e  m a r g i n a l  s o c i a l  
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c o s t s  of u s i n g  w a t e r  i n c r e a s e ,  and t h e  s u p p l y  c u r v e  s h i f t s  
upward t o  t h e  l e f t .  T h i s  p a r t i c u l a r  example s i m p l y  
i l l u s t r a t e s  t h e  economic p r i n c i p l e  t h a t  t h e  e f f e c t  o f  a  t a x  
upon q u a n t i t i e s  and r e l a t i v e  p r i c e s  is i d e n t i c a l  w h e t h e r  t h e  
t a x  i s  l e v i e d  on t h e  s u p p l i e r s  o r  t h e  demanders .  
T h i s  p a p e r  d o e s  n o t  i n v e s t i g a t e  d i f f e r e n t  means o f  
s e p a r a t e l y  f o r e c a s t i n g  s u c h  i n t e r r e l a t e d  c o n c e p t s  a s  w a t e r  
i n t a k e  o r  w i t h d r a w a l ,  g r o s s  w a t e r  u s e  ( t h e  amount o f  i n t a k e  
w a t e r  which would be  used  i f  t h e r e  was no r e c i r c u l a t i o n ) ,  
w a t e r  consumpt ion ,  and w a s t e w a t e r  d i s c h a r g e s  ( t h e  d i f f e r e n c e  
between w a t e r  i n t a k e  and w a t e r  c o n s u m p t i o n ) ,  u n l e s s  t h e  
methodology r e q u i r e s  t h i s  l e v e l  o f  s o p h i s t i c a t i o n .  The 
a n a l y s t  mus t ,  o f  c o u r s e ,  u t i l i z e  a  model r e l a t i n g  t h e s e  
c o n c e p t s  i f  h e  is  t o  f o r e c a s t  more t h a n  one o f  t h e s e  
v a r i a b l e s .  C o n c e p t u a l l y  w e  c a n  d i s t i n g u i s h  be tween t h r e e  
f a c t o r  i n p u t s  t o  t h e  p r o d u c t i o n  p r o c e s s :  1) w a t e r  i n t a k e ,  21 
g r o s s  w a t e r  a p p l i e d ,  and 3 )  w a s t e  d i s p o s a l  s e r v i c e s  of t h e  
env i ronmen t .  However, u n l e s s  t h e  model h a n d l e s  t h e s e  i n p u t s  
w i t h i n  a n  o p t i m i z a t i o n  framework,  we s imply  r e f e r  t o  ' w a t e r  
u s e '  i n  t h e  g e n e r a l  s e n s e  i n  which w a t e r  is an  i n p u t  t o  
p r o d u c t i o n  and t h e  ' p r i c e  of  w a t e r '  i s  s imp ly  a l l  t h e  c o s t s  
o f  u s i n g  a u n i t  of w a t e r .  
One f i n a l  i n t r o d u c t o r y  comment s h o u l d  be made a b o u t  
f o r e c a s t i n g  i n d u s t r i a l  w a t e r  u s e .  The w a t e r  r e s o u r c e s  
a n a l y s t  s h o u l d  c l e a r l y  d i s t i n g u i s h  between f o r e c a s t i n g  w a t e r  
u s e  g i v e n  t h e  c u r r e n t  i n s  t i - t u t i o n a l  s t r u c t u r e  f o r  p r i c i n g  
and r e g u l a t i n g  w a t e r  s u p p l i e s  and w a s t e w a t e r  d i s c h a r g e s ,  and 
f o r e c a s t i n g  t h e  s o c i a l l y  o p t i m a l  l e v e l  of w a t e r  u s e .  The 
d i s t i n c t i o n  i s  t h u s  between f o r e c a s t i n g  what  w i l l  happen  and  
what  s h o u l d  happen.  Presumably  t h e  a n a l y s t  is f o r e c a s t i n g  
w a t e r  u s e  b e c a u s e  h i s  o r g a n i z a t i o n  h a s  some i n f l u e n c e  on t h e  
d e t e r m i n a t i o n  of w a t e r  p o l i c y .  The a n a l y s t  is t h u s  n o t  
s i m p l y  i n t e r e s t e d  i n  f o r e c a s t i n g  what  w i l l  happen ,  b u t  is 
r a t h e r  conce rned  w i t h  t h e  c h o i c e  between a l t e r n a t i v e  
p o l i c i e s  g i v e n  t h e  c o n s t r a i n t s  w i t h i n  which h e  and  h i s  
i n s t i t u t i o n  o p e r a t e .  
For  example ,  s u p p o s e  t h e  f u n d a m e n t a l  d e c i s i o n  
c o n f r o n t i n g  t h e  w a t e r  r e s o u r c e s  a u t h o r i t y  is w h e t h e r  t o  
d e v e l o p  a d d i t i o n a l  w a t e r  s u p p l i e s  o r  t o  r e s t r i c t  w a t e r  u s e  
t h r o u g h  h i g h e r  p r i c e s  o r  r a t i o n i n g .  Suppose  t h e  a n a l y s t  
p r o j e c t s  f u t u r e  e q u i l i b r i a  of  t h e  demand c u r v e s  of t h e  w a t e r  
u s e r s  and  t h e  s u p p l y  c u r v e s  r e f l e c t i n g  c u r r e n t  i n s t i t u t i o n a l  
a r r a n g e m e n t s .  Assume u s e r s  a r e  p a y i n g  less  t h a n  m a r g i n a l  
s o c i a l  c o s t s .  H e  f i n d s  a  gap  between c u r r e n t l y  a v a i l a b l e  
s u p p l i e s  and h i s  f o r e c a s t  l e v e l  o f  w a t e r  u s e .  I f  t h e  
a n a l y s t  c a n  change  t h e  e x i s t i n g  i n s t i t u t i o n a l  a r r a n g e m e n t s  
s o  t h a t  u s e r s  pay t h e  m a r g i n a l  s o c i a l  c o s t s  o f  w a t e r  u s e ,  h e  
s h o u l d  n o t  t h e n  a r g u e  f o r  i n c r e a s e d  r e s e r v o i r  c a p a c i t y  o r  
i n t e r - r e g i o n a l  t r a n s f e r s  because  t h e  f o r e c a s t  l e v e l  o f  w a t e r  
u s e  i s  h i g h e r  t h a n  i s  s o c i a l l y  o p t i m a l .  However, s u p p o s e  
t h e  a n a l y s t  f e e l s  t h a t  it is p o l i t i c a l l y  i n f e a s i b l e  t o  
i n c r e a s e  t h e  c o s t  o f  w a t e r  and  t h a t  no m a t t e r  what  h i s  
o r g a n i z a t i o n  d o e s  t h e  u s e r s  w i l l  c o n t i n u e  t o  pay less  t h a n  
t h e  m a r g i n a l  s o c i a l  c o s t s  o f  u s i n g  w a t e r .  H e  a l s o  f e e l s  
t h a t  when t h i s  f o r e c a s t  s h o r t f a l l  i n  w a t e r  c a p a c i t y  o c c u r s ,  
t h e  a v a i l a b l e  w a t e r  w i l l  b e  u t i l i z e d  by low p r i o r i t y  u s e r s  
and h igh  p r i o r i t y  u s e r s  w i l l  b e a r  t h e  e f f e c t s  of n o n p r i c e  
r a t i o n i n g .  I n  t h i s  c a s e  t h e  w a t e r  r e s o u r c e s  a n a l y s t  may be 
j u s t i f i e d  i n  d e v e l o p i n g  t h e  a d d i t i o n a l  w a t e r  s u p p l i e s .  Even 
though t h i s  is  a  s u b o p t i m a l  s o l u t i o n ,  i t  may be  t h e  b e s t  t h e  
a n a l y s t  c a n  do  g i v e n  t h e  i n s t i t u t i o n a l  and p o l i t i c a l  
c o n s t r a i n t s  h e  f a c e s .  
2  M e t h o d s  o f  F o r e c a s t i n g  Water Use w h i c h  d o  not u t i l i z e  
- --- - - - -
Demand F u n c t i o n s  f o r  Water. 
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2 . 1  Water Use C o e f f i c i e n t s  
- - -  
T h e  s i m p l e s t  a p p r o a c h  t o  f o r e c a s t i n g  water u s e  is t o  
f i n d  o n e  or  more  v a r i a b l e s  w h i c h  h a v e  b e e n  h i g h l y  c o r r e l a t e d  
w i t h  water u s e  i n  t h e  p a s t  a n d  t o  a s s u m e  t h e y  w i l l  c o n t i n u e  
t o  b e  c o r r e l a t e d  w i t h  water u s e  i n  t h e  f u t u r e .  T h e  most 
o b v i o u s  s u c h  v a r i a b l e  is time, a n d  t h e  s i m p l e s t  f o r e c a s t s  o f  
water u s e  a s s u m e  t h a t  t h e  water u s e  w i l l  c o n t i n u e  t o  g r o w  a t  
t h e  same r a t e  a s  it h a s  i n  t h e  p a s t .  A s  i l l u s t r a t e d  i n  
F i g u r e  4 ,  t h i s  i n v o l v e s  a n  e x t r a p o l a t i o n  o f  a t r e n d  f i t t e d  
t o  t h e  d a t a  f o r  q u a n t i t y  o f  water u s e d  a t  a s p e c i f i c  time. 
T h e  t r e n d  c a n  b e  l i n e a r  or  n o n l i n e a r .  
T h i s  p r o j e c t i o n  m e t h o d  a t t e m p t s  t o  f o r e c a s t  s u p p l y  a n d  
demand e q u i l i b r i a .  No demand f u n c t i o n  is r e q u i r e d ,  a n d  
t h e r e  i s  n o  a s s u r a n c e  t h a t  t h e  f o r e c a s t  p o i n t s  w i l l ,  i n  
f a c t ,  r e p r e s e n t  s t a b l e  e q u i l i b r i a .  O t h e r  v a r i a b l e s  c l o s e l y  
c o r r e l a t e d  w i t h  t i m e ,  s u c h  a s  e c o n o m i c  o r  p o p u l a t i o n  g r o w t h ,  
w o u l d  be p r e f e r a b l e  i f  t h e y  p r o v i d e d  a b e t t e r  f i t  t o  t h e  
d a t a .  T h e r e  is, h o w e v e r ,  n o  b e h a v i o r a l ' t h e o r y  o f  water u s e  
u n d e r l y i n g  t h i s  p r o j e c t i o n  m e t h o d .  A l t h o u g h  e c o n o m i c  a n d  
p o p u l a t i o n  g r o w t h  a p p e a r  more i n t u i t i v e l y  r e a s o n a b l e ,  t h e  
i n c r e a s e  i n  crime o r  number  o f  a i r p o r t s  m i g h t  b e t t e r  e x p l a i n  
t h e  h i s t o r i c a l  water q u a n t i t y  d a t a  a n d  c o u l d  b e  a be t t e r  
p r e d i c t o r  o f  water u s e .  
A s l i g h t l y  more s o p h i s t i c a t e d  v e r s i o n  o f  t h i s '  b a s i c  
m e t h o d  i s  t o  a s s u m e  t h a t  water u s e  is a f i x e d  r e l a t i o n s h i p  
w i t h  some o t h e r  v a r i a b l e  s u c h  a s  p r o d u c t  o u t p u t  a n d  t h e n  t o  
i n d e p e n d e n t l y  p r o j e c t  t h i s  o t h e r  v a r i a b l e .  F o r  e x a m p l e ,  
s u p p o s e  t h a t  a n  i n d u s t r i a l  f a c i l i t y  w i t h d r a w s  1 , 0 0 0  g a l l o n s  
o f  water p e r  t o n  o f  p r o d u c t ,  a n d  w e  h a v e  t h e  f o l l o w i n g  
p r o j e c t i o n  o f  p r o d u c t  o u t p u t  a s  shown i n  F i g u r e  5 .  
T h u s ,  i n  1 9 7 7 ,  t h e  f a c i l i t y  is  w i t h d r a w i n g  1 5 0 , 0 0 0  
g a l l o n s  p e r  d a y ,  
a n d  w e  p r o j e c t  t h a t  it w i l l  b e  w i t h d r a w i n g  2 5 0 , 0 0 0  g a l l o n s  
p e r  d a y  i n  1 9 8 0 .  
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T h i s  method assumes  t h a t  w a t e r  u s e  is f i x e d  i n  terms of  
t h e  v a r i a b l e  s e l e c t e d .  Numerous v a r i a b l e s  c o u l d  b e  u s e d ,  
s u c h  a s  number of  employees ,  v a l u e  added p e r  t o n  of  p r o d u c t ,  
o r  t o n s  o r  volume of i n p u t  o r  o u t p u t  ( e . g . ,  g a l l o n s  o f  w a t e r  
p e r  b a r r e l  of  c r u d e  o i l  i n p u t  t o  a  p e t r o l e u m  r e f i n e r y ) .  For 
a  p a r t i c u l a r  i n d u s t r y  some v a r i a b l e s  would seem p r e f e r a b l e  
on t h e o r e t i c a l  g r o u n d s ,  b u t  it is a n  e m p i r i c a l  q u e s t i o n  
which v a r i a b l e  e x p l a i n s  t h e  p a s t  v a r i a t i o n s  i n  t h e  d a t a  mos t  
a c c u r a t e l y .  The c o e f f i c i e n t  a p p r o a c h  c a n  be e l a b o r a t e d  i n  
s e v e r a l  ways;  w e  r ev i ew  s e v e r a l .  
The c o e f f i c i e n t s  of  w a t e r  u s e  c a n  be r e l a t e d  t o  more 
d e t a i l e d  c l a s s i f i c a t i o n s  of  p r o d u c t s  and p r o d u c t i o n  
t e c h n o l o g y ,  d e p e n d i n g  o n  t h e  d a t a  a v a i l a b l e .  For example ,  
s u p p o s e  w e  know t h a t  g a l l o n s  o f  w a t e r  u sed  p e r  t o n  of  
p r o d u c t  A i s  1 2 5  g a l l o n s  p e r  t o n  and  o f  p r o d u c t  B is  1 7 5  
g a l l o n s  p e r  t o n .  I n  1977 t h e  i n d u s t r i a l  f a c i l i t y  is 
p r o d u c i n g  7 5  t o n s  of A and  75 t o n s  o f  B. We may n o t  o n l y  
p r o j e c t  t h e  t o t a l  o u t p u t  of ( A  + B )  t o  be  250 t o n s  p e r  day  
i n  1980 ,  b u t  a l s o  t h a t  t h e  p r o d u c t  mix w i l l  change  so  t h a t  
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by 1980 p r o d u c t  A a c c o u n t s  f o r  75% of t h e  o u t p u t  and p roduc t  
B f o r  2 5 % .  I n  t h i s  c a s e ,  t o t a l  water  u se  p e r  day i n  1980 
w i l l  be: 
wa te r  u se  i n  t h e  p r o d u c t i o n  of  Product  A per  day i n  1980 
p l u s  t h e  water  u s e  i n  t h e  p roduc t i on  of P roduc t  B per  day i n  198 
T h e r e f o r e ,  t o t a l  wa te r  u se  p e r  day i n  1980 = 34,375 g a l l o n s  
p e r  day.  We cou ld  a l s o ,  of c o u r s e ,  p r e d i c t  A and S 
i n d e p e n d en t l y  and add t h e  p r o j e c t i o n s  t o  o b t a i n  t h e  t o t a l .  
I n  a d d i t i o n  t o  p r o j e c t i n g  p roduc t  m i x ,  water  u s e  
c o e f f i c i e n t s  can  be a s s o c i a t e d  wi th  d i f f e r e n t  p r o d u c t i o n  
t e c h n o l o g i e s .  Suppose we want t o  p r o j e c t  water  u s e  i n  t h e  
i r o n  and s t e e l  i n d u s t r y ,  and we know t h a t  water  u s e  pe r  t o n  
o f  s t e e l  is d i f f e r e n t  f o r  d i f f e r e n t  s t ee l -making  
t e c h n o l o g i e s ,  e . g . ,  open  h e a r t h ,  b a s i c  oxygen ,  and  e l e c t r i c  
f u r n a c e .  Thus,  i n  a d d i t i o n  t o  t h e  p r o j e c t i o n  o f  t o t a l  s t e e l  
o u t p u t ,  w e  need a  f o r e c a s t  of  t h e  p e r c e n t a g e  o f  t h e  o u t p u t  
p roduced  by e a c h  t e c h n o l o g y .  ~ i g u r e  6 summar izes  a  
h y p o t h e t i c a l  t e c h n o l o g i c a l  f o r e c a s t .  
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Anothe r  e x t e n s i o n  o f  t h e  c o e f f i c i e n t  a p p r o a c h  is t o  
i n c l u d e  time t r e n d s  i n  t h e  c o e f f i c i e n t s  t hemse lves .  Suppose  
w e  o b s e r v e  t h a t  w a t e r  u s e  p e r  t o n  o f  p r o d u c t  h a s  been  
d e c r e a s i n g  a t  a  c o n s t a n t  r a t e  o f  1% p e r  y e a r  o v e r  t h e  l a s t  
1 0  y e a r s ,  and w e  w i s h  t o  f o r e c a s t  w a t e r  u s e  f i v e  y e a r s  i n t o  
t h e  f u t u r e .  We o b v i o u s l y  d o  n o t  have  t o  assume t h a t  t h e  
c u r r e n t  number of g a l l o n s  p e r  t o n  w i l l  be  used  f i v e  y e a r s  
f rom now. W e  c o u l d  u s e  a  d i f f e r e n t  c o e f f i c i e n t ;  o n e  way o f  
o b t a i n i n g  it would be t o  assume t h a t  t h e  1% p e r  y e a r  d e c l i n e  
i n  w a t e r  u s e  p e r  t o n  w i l l  c o n t i n u e  o v e r  t h e  n e x t  f i v e  y e a r s .  
T h i s  i s  o b v i o u s l y  a judgment  d e c i s i o n ,  b u t  s o  a l s o  is t h e  
a s s u m p t i o n  t h a t  t h e  c u r r e n t  c o e f f i c i e n t  w i l l  r ema in  
c o n s t a n t .  A l l  of t h e s e  m o d i f i c a t i o n s  can ,  o f  c o u r s e ,  be  
i n c o r p o r a t e d  i n  t h e  same f o r e c a s t  o f  w a t e r  u s e .  
When w e  assume  a  l i n e a r  r e l a t i o n s h i p  b e t w e e n  w a t e r  u s e  
a n d  o u t p u t s ,  t h e  l o g i c a l  c u l m i n a t i o n  o f  t h i s  c o e f f i c i e n t  
a p p r o a c h  i s  s i m p l y  a n  i n p u t - o u t p u t  a n a l y s i s  i n  w h i c h  o n e  o f  
t h e  i n d u s t r i e s  is w a t e r  s u p p l y .  I n p u t - o u t p u t  t a b l e s  
d e s c r i b e  t h e  i n t e r r e l a t i o n s h i p s  i n  a n  economy b e t w e e n  t h e  
f l o w s  o f  i n p u t s  a n d  o u t p u t s  a n d  c a n  be  c o n s t r u c t e d  f o r  
n a t i o n a l  e c o n o m i e s ,  r e g i o n a l  e c o n o m i e s ,  o r  r i v e r  b a s i n s .  
Each t r a n s a c t i o n  b e t w e e n  two s e c t o r s  i n v o l v e s  a  s a l e  o f  
o u t p u t  f r o m  o n e  s e c t o r  a n d  a  p u r c h a s e  o f  i n p u t  by t h e  o t h e r .  
F o r  e x a m p l e ,  t h e  p r o v i s i o n  w o u l d  be  a  s a l e  o f  o u t p u t  f o r  t h e  
w a t e r  s u p p l y  i n d u s t r y  a n d  a  p u r c h a s e  o f  a n  i n p u t  by  t h e  
i n d u s t r i a l  w a t e r  u s e r .  
T h e  b a s i c  a s s u m p t i o n  o f  i n p u t - o u t p u t  a n a l y s i s  is  t h a t  
t h e r e  i s  a f i x e d  l i n e a r  r e l a t i o n s h i p  b e t w e e n  t h e  i n p u t s  t o  
a n  e c o n o m i c  a c t i v i t y  a n d  i t s  o u t p u t .  I n  i n p u t - o u t p u t  
a n a l y s i s  t h i s  a s s u m p t i o n  o f  f i x e d  i n p u t  c o e f f i c i e n t s  is n o t  
o n l y  made f o r  w a t e r ,  b u t  a l s o  f o r  a l l  o t h e r  f a c t o r s  o f  
p r o d u c t i o n .  I n p u t - o u t p u t  a n a l y s i s  c a n ,  h o w e v e r ,  i n c l u d e  
some p r o c e d u r e  f o r  c h a n g i n g  t h e  w a t e r  u s e  c o e f f i c i e n t s  o v e r  
t ime. I n c l u d i n g  t h e  w a t e r  s u p p l y  i n d u s t r y  a s  o n e  o f  t h e  
s e c t o r s  e n a b l e s  t h e  a n a l y s t  t o  make s e v e r a l  i n t e r e s t i n g  
t y p e s  o f  c a l c u l a t i o n s .  I n  t h e  s i m p l e  w a t e r  u s e  c o e f f i c i e n t  
m e t h o d  f u t u r e  w a t e r  u s e  i s  a s s o c i a t e d  w i t h  p r o j e c t i o n s  o f  
f i n a l  demand f o r  o n e  s e c t o r .  Through  t h e  u s e  o f  i n p u t -  
o u t p u t  a n a l y s i s  t h e  a n a l y s t  c a n  c a l c u l a t e  b o t h  t h e  d i r e c t  
a n d  i n d i r e c t  e f f e c t s  o n  w a t e r  u s e  o f  f o r e c a s t  c h a n g e s  i n  t h e  
f i n a l  demand i n  o n e  o r  s e v e r a l  s e c t o r s .  F o r  e x a m p l e ,  if 
p u l p  a n d  p a p e r  p ~ o d u c t i o n  is  f o r e c a s t e d  t o  i n c r e a s e ,  t h i s  
w i l l  n o t  o n l y  i n c r e a s e  w a t e r  u s e  i n  t h e  p u l p  a n d  p a p e r  
i n d u s t r y ,  b u t  a l s o  i n  t h e  i n d u s t r i e s  w h i c h  m u s t  i n c r e a s e  
t h e i r  p r o d u c t i o n  t o  s u p p l y  t h e  p u l p  a n d  p a p e r  i n d u s t r y  w i t h  
t h e  i n c r e a s e d  i n p u t s  n e c e s s a r y  t o  p r o d u c e  t h e  f o r e c a s t  p u l p  
a n d  p a p e r  p r o d u c t i o n .  I n p u t - o u  t p u t  a n a l y s i s  p r o v i d e s  a  
c o m p r e h e n s i v e ,  g e n e r a l  e q u i l i b r i u m  f ramework  f o r  a s s e s s i n g  
t h e  i m p a c t s  o n  r e g i o n a l  w a t e r  u s e  o f  f o r e c a s t  i n c r e a s e s  i n  
v a r i o u s  e c o n o m i c  a c t i v i t i e s  i n  a  r e g i o n  o r  r i v e r  b a s i n .  
W a t e r  u s e  by o n e  i n d u s t r y  i s  n o t  v i e w e d  i n  i s o l a t i o n  f r o m  
e c o n o m i c  i n t e r r e l a t i o n s h i p s  i n  t h e  r e g i o n .  
Some f o r m  of  t h i s  c o e f f i c i e n t s  me thod  i s  w i d e l y  u s e d  i n  
many c o u n t r i e s .  T h e  d a t a  f o r  a  s i m p l e  mode l  a r e  u s u a l l y  
a v a i l a b l e  a n d  p r o j e c t i o n s  o f  w a t e r  u s e  c a n  b e  made 
r e l a t i v e l y  i n e x p e n s i v e l y .  T h e  N a t i o n a l  I n s t i t u t e  f o r  Wate r  
S u p p l y  ( T h e  N e t h e r  l a n d s )  i s  u t i l i z i n g  t h e  c o e f f i c i e n t s  
a p p r o a c h  i n  t h e i r  s t u d y  o f  i n d u s t r i a l  w a t e r  c o n s u m p t i o n  [ 4 1 .  
C o e f f i c i e n t s  o f  water u s e  p e r  u n i t  o f  p r o d u c t i o n  a r e  d e r i v e d  
f r o m  s t a t i s t i c a l  a n a l y s i s  a n d  c o n s u l t a t i o n  w i t h  i n d u s t r i a l  
f i r m s .  T h e  a u t h o r s  n o t e  t h a t  t h e s e  c o e f f i c i e n t s  h a v e  
r e c e n t l y  d e c l i n e d  due  t o  t h e  h i g h e r  c o s t s  o f  i n d u s t r i a l  
w a t e r  management, and t h e y  p l a n  t o  r e v i s e  t h e i r  l ong - t e rm 
f o r e c a s t s  e v e r y  t h r e e  y e a r s  t o  i n c o r p o r a t e  c h a n g e s  i n  t h e  
w a t e r  use c o e f f i c i e n t s .  
Some work w i t h i n  Canad ian  government  i n  f o r e c a s t i n g  
i n d u s t r i a l  w a t e r  u s e  h a s  f o c u s e d  on  r e f i n e m e n t s  o f  t h e  
c o e f f i c i e n t  app roach .  I n  t h e i r  p a p e r ,  " I n d u s t r i a l  Water 
Demand F o r e c a s t i n g " ,  D.M. T a t e  and  R .  Robichaud [ 5 1  d e v e l o p  
a  s i m u l a t i o n  model f o r  f o r e c a s t i n g  i n d u s t r i a l  w a t e r  u s e  
which e x p l i c i t l y  i n c o r p o r a t e s  t h e  impac t  o f  t e c h n o l o g i c a l  
change  and e f f l u e n t  s t a n d a r d s  on  f u t u r e  w a t e r  u s e .  T h e i r  
model p r o v i d e s  a  framework f o r  i n c l u d i n g  p r o j e c t i o n s  o f  
numerous v a r i a b l e s  which w i l l  change  t h e  c o e f f i c i e n t s  i n  t h e  
f u t u r e .  
The Water R e s o u r c e s  Bureau of  t h e  N a t i o n a l  Agency i n  
Japan  d e v e l o p e d  a  s i m u l a t i o n  model which i n c o r p o r a t e s  w a t e r  
use pe r  u n i t  of p r o d u c t i o n  c o e f f i c i e n t s  f o r  t h e i r  f a r e c a s t s  
o f  i n d u s t r i a l  w a t e r  u s e  [ 6 ]  . Economic a c t i v i t y  f o r  e a c h  
i n d u s t r i a l  s e c t o r  is f o r e c a s t  a s  a  f u n c t i o n  of t h e  f o l l o w i n g  
exogenous  v a r i a b l e s :  economic growth ,  b i r t h  and m o r t a l i t y  
r a t e ,  t h e  p a t t e r n  of consumpt ion  a c t i v i t i e s ,  and  t h e  
s t r u c t u r e  of i n t e r n a t i o n a l  t r a d e .  The f o r e c a s t s  o f  economic 
a c t i v i t y  a r e  more d e t a i l e d  f o r  such  major  w a t e r  u s i n g  
i n d u s t r i e s  a s  p u l p  and p a p e r ,  s t e e l ,  and  c h e m i c a l s .  Each 
i n d u s t r i a l  s e c t o r  i s  s u b d i v i d e d  i n t o  new and e x i s t i n g  
p r o d u c t i o n ,  and d i f f e r e n t  w a t e r  use c o e f f i c i e n t s  a r e  o f t e n  
u s e d  f o r  e a c h .  The w a t e r  u s e  c o e f f i c i e n t s  t h e m s e l v e s  a r e  
f o r e c a s t  t o  change  a c c o r d i n g  t o  t h e  r a t e  of change  of t h e  
p e r c e n t a g e  of f a c t o r i e s  r e c y c l i n g  w a t e r  and  t h e  c h a n g e s  i n  
t h e  amount of  w a t e r  r e c y c l e d  by a  f a c t o r y .  
The U n i t e d  S t a t e s  Water Resources  C o u n c i l  u s e s  a  
s i m i l a r  method f o r  t h e  p r o j e c t i o n  of U n i t e d  S t a t e s  
i n d u s t r i a l  w a t e r  u s e  [ 7 ]  . Although t h e  i n d u s t r i a l  w a t e r  u s e  
d a t a  b a s e  is more e x t e n s i v e  and t h e  c a l c u l a t i o n s  more 
d e t a i l e d  t h a n  t h o s e  i n  many o t h e r  c o u n t r i e s ,  t h e  C o u n c i l ' s  
p r o j e c t i o n s  a r e  based  upon c o e f f i c i e n t s  e s t i m a t e d  by 
i n d u s t r i a l  w a t e r  u s e  s p e c i a l i s t s .  The C o u n c i l ' s  s p e c i f i c  
f o r e c a s t s  depend  upon a  number of a s s u m p t i o n s  i n t e n d e d  t o  
improve t h e  s i m p l e  c o e f f i c i e n t  approach .  By 2000 a l l  
c o o l i n g  w a t e r  u sed  by major  i n d u s t r i a l  w a t e r  u s e r s  is 
assumed t o  be r e c i r c u l a t e d  th rough  t h e  u s e  of c o o l i n g  
l a g o o n s  o r  c o o l i n g  t o w e r s .  G r o s s  w a t e r  u s e ,  however ,  i s  
p r o j e c t e d  t o  grow i n  d i r e c t  p r o p o r t i o n  t o  t h e  g r o s s  p r o d u c t .  
T h i s  assumes  t h e  e x p e r i e n c e  of  t h e  p a s t  t w e n t y  y e a r s  w i l l  
c o n t i n u e  f o r  t h e  f o r e s e e a b l e  f u t u r e .  
O t h e r  ma jo r  f o r e c a s t s  o f  i n d u s t r i a l  w a t e r  u s e  i n  t h e  
U n i t e d  S t a t e s  have  a l s o  used  t h e  c o e f f i c i e n t  a p p r o a c h ,  w i t h  
v a r y i n g  d e g r e e s  of s o p h i s t i c a t i o n .  The R e p o r t  o f  t h e  Nor th  
A t l a n t i c  Reg iona l  Water Resources  S tudy  C o o r d i n a t i n g  
Committee mod i f i ed  w a t e r  u s e  c o e f f i c i e n t s  t o  h o p e f u l l y  
r e f l e c t  t e c h n o l o g i c a l  c h a n g e s ,  i n c r e a s e d  c o s t s  of  u s i n g  
w a t e r ,  and w a t e r  p o l l u t i o n  c o n t r o l  r e g u l a t i o n s  [8]. I n  a  
s e r i e s  of r e p o r t s  t o  t h e  N a t i o n a l  Commission on Water 
Q u a l i t y  e n t i t l e d  Water  --- Use i n  Manufac tu r inq ,  t h e  Confe rence  
Board a n a l y s e d  t h e  economic impact  of U.S. w a t e r  p o l l u t i o n  
c o n t r o l  r e q u i r e m e n t s .  One of  t h e  s t e p s  i n  t h e i r  a n a l y s i s  
was t h e  p r o j e c t  i o n  of i n d u s t r i a l  w a t e r  u s e  and w a s t e w a t e r  
d i s c h a r g e s  f o r  which t h e y  u t i l i z e d  a  c o e f f i c i e n t s  approach  
i n c o r p o r a t i n g  t r e n d s  i n  r e c i r c u l a t i o n ,  p r o d u c t  mix, and 
p r o d u c t i o n  t echno logy .  P e r h a p s  t h e  most  w e l l  known U.S. 
s t u d y  of f u t u r e  wa te r  u s e  is - The Outlook for Water  by 
N a t h a n i e l  Wollman and G i l b e r t  W. Sonem, which a g a i n  used  a  
s i m p l e  w a t e r  use c o e f f i c i e n t  method and assumed t h a t  w a t e r  
i n t a k e  c o e f f i c i e n t s  would d e c l i n e  by e i t h e r  5% o r  1 0 %  p e r  
d e c a d e  depending  on t h e  i n d u s t r i a l  s e c t o r .  
2 . 2  R e g r e s s i o n  Techn iques  
-
The s i m p l e  c o e f f i c i e n t  method assumes t h a t  t h e  
v a r i a t i o n  i n  wa te r  u s e  i s  e x p l a i n e d  by one v a r i a b l e ,  u s u a l l y  
p r o d u c t i o n .  O the r  v a r i a b l e s  such  a s  p r o d u c t  mix o r  
r e c y c l i n g  t e c h n o l o g y  o n l y  e x p l a i n  v a r i a t i o n s  i n  w a t e r  u s e  
t h r o u g h  t h e i r  impact  on t h i s  w a t e r  u s e  c o e f f i c i e n t .  
R e g r e s s  i o n  a n a l y s i s  p r o v i d e s  a  more t e c h n i c a l l y  
s o p h i s t i c a t e d  t e c h n i q u e  f o r  f o r e c a s t i n g  w a t e r  u s e  [91.  
M u l t i p l e  r e g r e s s i o n  t e c h n i q u e s  e n a b l e  t h e  a n a l y s t  t o  
c o r r e l a t e  p a s t  v a r i a t i o n s  i n  w a t e r  u s e  w i t h  numerous 
v a r i a b l e s .  V a r i a t i o n s  i n  h i s t o r i c a l  w a t e r  u s e  d a t a  on a  
s p e c i f i c  p l a n t  o r  an i n d u s t r y  may be e x p l a i n e d  by v a r i a t i o n s  
i n  such  v a r i a b l e s  a s  p r o d u c t i o n  l e v e l ,  age  of p l a n t ,  mean 
summer t e m p e r a t u r e ,  c o o l i n g  w a t e r  a s  a  p e r c e n t  o f  t o t a l  
w a t e r  u s e ,  o r  r e g i o n  o f  a  c o u n t r y .  The l i s t  of  p o t e n t i a l  
v a r i a b l e s  is  l o n g ,  and  many may e x p l a i n  much of  t h e  same 
v a r i a t i o n  i n  t h e  d a t a  [ l a ] .  
Assume w e  want t o  f o r e c a s t  w a t e r  u s e  f o r  a  s p e c i f i c  
i n d u s t r i a l  f a c i l i t y .  The f i r s t  s t e p  is t o  e s t i m a t e  t h e  
r educed  form c o e f f i c i e n t s  [ll] of t h e  p r i n c i p a l  v a r i a b l e s  
which e x p l a i n  t h e  p a s t  v a r i a t i o n s  i n  w a t e r  u s e .  W e  assume 
t h a t  f u t u r e  v a r i a t i o n s  i n  w a t e r  u s e  w i l l  f o l l o w  t h e  same 
p a t t e r n  a s  t h o s e  i n  t h e  p a s t ,  i . e . ,  t h a t  t h e  r educed  form 
c o e f f i c i e n t s  remain  c o n s t a n t .  The second  s t e p  is t o  
i n d e p e n d e n t l y  p r o j e c t  t h e  e x p l a n a t o r y  v a r i a b l e s ;  w e  assume 
t h e y  a r e  d e t e r m i n e d  i n d e p e n d e n t l y  of  w a t e r  u se .  W e  c a n  t h u s  
d e r i v e  a n  e s t i m a t e  of  f u t u r e  w a t e r  u s e  from t h e  r e g r e s s i o n  
e q u a t i o n  and t h e  p r o j e c t  i o n  of t h e  exogenous  e x p l a n a t o r y  
v a r i a b l e s .  
S u p p o s e ,  f o r  e x a m p l e ,  t h a t  9 5 %  o f  t h e  v a r i a t i o n  i n  
w a t e r  u s e  d a t a  is e x p l a i n e d  by t h r e e  v a r i a b l e s  A ,  5 ,  and  C 
a n d  t h e r e  i s  a  r e s i d u a l  v a r i a t i o n  U. A r e d u c e d  f o r m  l i n e a r  
r e l a t i o n s h i p  c a n  be r e p r e s e n t e d  a s  
w h e r e  Qw e q u a l s  t h e  mean volume o f  w a t e r  u s e  p e r  d a y  i n  
g a l l o n s  by a  s p e c i f i c  i n d u s t r i a l  p l a n t .  The  e s t i m a t e d  
c o e f f i c i e n t s  8 ,  a l ,  a 2 ,  a n d  u3 w i l l  by d e f i n i t i o n  be  i n  t h e  
u n i t s  n e c e s s a r y  t o  c o n v e r t  t h e  r i g h t  hand  s i d e  o f  t h e  
e q u a t i o n  i n t o  g a l l o n s  p e r  d a y .  Assume t h e  e s t i m a t e d  
e q u a t i o n  i s  
We assume t h i s  e s t i m a t e d  r e l a t i o n s h i p  h o l d s  b o t h  f o r  c u r r e n t  
v a l u e s  of  t h e  v a r i a b l e s ,  s a y  a t  time t ,  a n d  f o r  f u t u r e  
v a l u e s  a t  time t + 1 0 .  T h u s ,  
a n d  
S u b t r a c t i n g  ( 3 )  f r o m  ( 4 )  w e  h a v e  
w h e r e  
L e t  A b e  t h e  d o l l a r  v a l u e  of mean d a i l y  p r o d u c t i o n ,  B t h e  
mean d a i l y  t e m p e r a t u r e ,  and C some s t a n d a r d i z e d  measu re  of  
t h e  q u a l i t y  of t h e  p r i n c i p a l  raw m a t e r i a l  i n p u t  t o  t h e  
p r o d u c t i o n  p r o c e s s .  Assume a t  time t t h a t  A = $50,000/day ,  B 
= 20 d e g r e e s  c e n t i g r a d e  and C = 100.  Thus,  a t  t i m e  t t h e  
q u a n t i t y  of w a t e r  u sed  p e r  day  is 
W e  i n d e p e n d e n t l y  p r o j e c t  t h e  f o l l o w i n g  v a l u e s  f o r  A ,  B ,  and 
C a t  time t + 10: 
T h e r e f o r e  a t  t i m e  t + 1 0 ,  w e  f o r e c a s t  Qw t o  be 
I t  i s  i inportant t o  be c l e a r  about t he  p r e c i s e  
s p e c i f i c a t i o n s  of t h e  dependent water use v a r i a b l e  anu what 
e x a c t l y  i s  being moueled. There a r e  s e v e r a l  p o s s i ~ i l i t i e s ,  
e . g . ,  t o t a l  annual water use ,  mean water use per aay ,  water 
use per t on ,  o r  mean water use per ton of input  or  ou tpu t  
--
per  day. Since some measure of t o t a l  proauct ion is usua l ly  
a p r i n c i g a l  determinant  of water use ,  t n e  most convenient  
v a r i a u l e  is o t t e n  some mean u n i t  wat5.r use per u n i t  of input  
o r  ou tpu t  per day ( e . g . ,  per ton or raw tomatoes processed 
ger  day or per ton of t in is l ied s t e e l  per d a y ) .  
In her book I n d u s t r i a l  Demand f o r  Water: A Study of 
-- 
South East  Englana [ 1 2 ] ,  J u d i t h  Rees r e p o r t s  t h e  r e s u l t s  o f  
-- 
r eg re s s ions  fo r  numerous i n d u s t r i e s .  Rees regressed  t h e  
"quan t i t y  of water purchased",  "quan t i t y  of water used but 
no t  purchased from a  water supply a u t h o r i t y " ,  and " t h e  t o t a l  
y u a n t i t y  of water withdrawn" on s e v e r a l  explanatory 
v a r i a b l e s .  Table 1 p r e s e n t s  t h e  equa t ions  f o r  each indus t ry  
~ n i c n  b e s t  exp la inea  t h e  v a r i a t i o n  in  t h e  d a t a .  Table 2 
p r e s e n t s  more d e t a i l e d  r e s u l t s  f o r  t h e  chemical i ndus t ry .  
Kees concluded t n a t  tonnage of raw m a t e r i a l s  and number of 
persons  em2loyea were h igh ly  c o r r e l a t e d  w i t h  water use i n  
v i r t u a l l y  a l l  tne  i ndus t ry  groups s t u a i e d ,  a l tnough wnich of 
t h e  two proviaed the  h ighes t  l e v e l  of exp lana t ion  var ied  
from i n a u s t r y  t o  i ndus t ry .  Although in  some cases  p r i c e  i s  
tound t o  be a  s t a t i s t i c a l l y  s i g n i f i c a n t  explanatory 
v a r i a ~ l e ,  -- t ons  of input  - or  num~er  - of employees i s  much more 
--- 
important .  
- 
There a r e  s e v e r a l  p r o ~ l e m s  w i t n  t h i s  metnod of modeling 
anu then i o r e c a s t i n g  water use. F i r s t ,  we have assumed t h a t  
t h e  reduced form c o e f f i c i e n t s  remain cons t an t .  Our f o r e c a s t  
1s t h u s  uasea on h i s t o r i c a l  r e l a t i o n s h i p s  among t n e  
v a r i a ~ l e s  which may well cnange i n  t h e  f u t u r e .  Second, i f  
t h e  p r i c e  of water i s  omitted from t h e  explanatory 
variables, on t h e o r e t i c a l  grounds we would expect  t o  have 
s p e c l i i c a t i o n  proulems. In t h i s  ca se ,  our c o e f f i c i e n t  
e s t i m a t e s  a r e  biased and i n c o n s i s t e n t .  I f  t h e r e  has  been no 
v a r i a t i o n  i n  the  r e l a t i v e  p r i c e s ,  t h i s  may be of minor 
s i g n  ii icance . 
Third ,  a s  d i scussed  i n  more d e t a i l  i n  Sec t ions  3.2.1 
-- 
and 3.2.2, t h i s  reduced form f o r e c a s t i n g  technique combines 
t h e  i n f luences  of supply and demand r e l a t i o n s h i p s  (131. 
Under some circumstances t h i s  may be adequate fo r  
t o r e c a s t i n g  water use.  However, a s  noted in  the  
i n t r o a u c t i o n ,  from a  po l icy  p o i n t  of view, t h e  water 
r e sou rces  probleln i s  o f t e n  whether t o  decrease  demand 
through p r i c e  i nc rease  or r a t i o n i n g ,  o r  whether t o  i nc rease  
supply.  Tne reuucea form equat ion is  of no use i n  t h i s  t a sk  
of aeterming the  optimal l e v e l  of water supply because t h e  
a n a l y s t  cannot use it t o  es t imate  t h e  ~ e n e i i t s  of water use. 
TABLE 1 
Comparison of the Best-Fit Explanaioty Equations in the Industry Groups 
purchased water privately abstracted water total water taken 
bmt.fit level o f '  best-fit level of best-fit level of 
industry group explanatory explanation explanatory explanation explanatory explanation 
equation (R~ I  equation (R2) equation ( R ~ I  
1 2 3 4 5 6 7 
A chemicals 
8 food 
C drink 
D plastia and rubber 
E paper and products 
F non-metallic minerals 
G metals and produns 
H eng~neering (precision plur 
mechanical) 
I other (leather and fur. 
clothmg and textile%, timber 
and furniture, printing) 
log (7 = a t b log P + c log a A  
CIA - a + b T '  100 
w ' - a + b ~  90.7 
l o p O A x a + b T  77.4 
NS - 
CIA = a  + bT  60.31 
logOA = a + bT  27.5 
CIA=a+bE 81.7 
log 0 = a + b log E +c log  T log a A  = a  + b log P + 16.6 log 01 = a + b  lop E + 47.3 
+ d log P 34.9 + c l o g E + d l c q T + c l o g C  c l o g T + d l o g P  
'The equations a ~ ~ ( 0 t 1 ~  = a  + bT  also produced an R2 of 100% in this group. 
NS: No equation ach~eved significance at the 0.95 or 0.90 levels o f  probability. 
Source: Rem. Judith, lndr~ \ l rk l  IJemand[nr Wnlrr: A Sludy  south !As1 E w h n d .  p. 100. 
~ v , e t i ~ o a o l o g i c a l l y ,  t h i s  r eg re s s ion  f o r e c a s t i n g  approach 
i s  i d e n t i c a l  t o  t n e  p rev ious ly  explained water use 
c o e f k i c i e n t  approach except  t u a t  t h e r e  may be more 
explana tory  v a r i a b l e s .  If we r e g r e s s  water use on 
product ion or  nu;noer of employees assurniny a  l i n e a r  
r e l a t i o n s n i g ,  we simply have another  means of c a l c u l a t i n g  
t h e  water use per ton  of product  or water use per employee 
c o e i i i c i e n t .  
The p r l n c i ~ a l  d i r t i c u l t y  witn Dota t ne  simple 
c o e i r i c l e n t  and m u l t i p l e  r eg re s s ion  approaches i s  t n a t  
n e i t n e r  p r e s e n ~ s  a theory exp la in ing  water use. 1'4 o  
uenaviora l  model is testect .  rye s i ~ ~ ~ p l y  no te t n a t  i n  t n e  p a s t  
variations i n  water use nave been c o r r e l a ~ e d  wicn variations 
In proauc t lon  or o tne r  v a r i a ~ l e s .  We nave no sounu tneory 
on dhich LO argue t h a t  t n i s  c o r r e l a t i o n  w i l l  e x i s t  i n  t he  
r u t u r e .  
TABLE 2 
Determinants of the Ouallty of Water taken by Chem~cal Firms 
dependent significant 
variable independent 
variables 
1 2 
bmt-fit regression standard 'f' test value degree level o l  
equation form coefficient error bignificance of explanation 
(bl level1 freedom ( ~ 2 )  
3 4 5 8 7 8 
A raw materials. tonnage d - a + b ~  15121172.5 510685.7 876.73 48 97.3% 
purchased employmant d - a + b ~ '  0.03B95 0.00528 54.44 4 8  53.1 
water price of metered water I c g 0  = a + b P m  4 . 0 3 0 2  0.0145 4.312 35 10.9 
price of 
bought water -2.05798 0.43887 21.99 
multiple + 
rqrasion l o g 0  - a + b P + l o g O A  47 37.0 
quantity o f  
water abtraned 0.10626 0.06887 2.31 
8 raw materials: ton-input Q A = a + b T  999.69 1.9119 273418.8 48 100 ' 
abstracted , 
water employment O A = a + b E  2115.56 31886 44.03 48 47.8 
- - -  
C raw materials: ton-input Q t S a + b T  994.216 4.232 55164.6 48 1W 
total employment O t - a + b E  2122.52 317.196 44.78 48 48.3 
water 
taken price of bought water I q O t - a + b P  -2.164 0.4389 46.22 48 34.1 
D 
purchased 
water abstracted water 0 ' - a + b Q A  15501.85 371.53 1740.92 48 97.4 
'The equation forms Q A ~ I W  (111 -a  + b T also gavs a 100% level of explanation. but for interpretive problems see text. 
No multiple regression m d s l  using tonnage and employment was attempted due to multicollinearity. 
Source Rees. Jud~th. lndwtrnl  Demand for Water: A Study ofSouth East Enghnd, p 69. 
3 Estimation of Gemanu Functions f o r  Water 
- - - --- 
ccononic tneory o f f e r s  a  simple behaviora l  model t o  
exp la in  i n d u s t r i a l  water use i n  compet i t ive  f r e e  market 
econonies.  E'or a  given tecnnology the  quant icy of water 
uemanaed by an indus t ry  i s  assumed t o  be a  func t ion  of t h e  
p r i c e  of water ,  the  p r i c e  of o tner  i npu t s ,  and t h e  l e v e l  of 
i n a u s t r i a l  ou tpu t .  The supply of water is  assumed t o  be a  
runc t ion  of t n e  p r i c e  of water and var ious  i n s t i t u t i o n a l  
f a c t o r s .  In equi l ib r ium we assume t h e  supply of water 
equa ls  t he  demand for  water .  In t h i s  simple model t h e  
q u a n t i t y  of water used is  determined j u s t  a s  any o the r  
f a c t o r  i n ~ u t .  
I f  we want t o  t e s t  t h e  usefu lness  of t h i s  model f o r  
f o r e c a s t i n g  i n d u s t r i a l  water use,  t h e  f i r s t  s t e p  i s  t o  
e s t i m a t e  t he  demana func t ion  f o r  water. In t h i s  s e c t i o n  we 
d i s c u s s  t he  der ived demand f o r  a  f a c t o r  of product ion and 
t h r e e  methods of es t imat ing  t h e  water demand func t ion  fo r  an 
i n d u s t r i a l  f a c i l i t y :  1) s t a t i s t i c a l ;  2 )  process  
engineer ing ; arm 3 )  mathematical programning . 
3 .1  Derived Demand t o r  a  Factor of Proauct ion 
- --  - -  
The purpose of t h i s  s e c t i o n  i s  t o  d e s c r i b e  
y u a l i t a t i v e i y  the  ueterminants  of an i n d u s t r i a l  f a c i l i t y ' s  
demand func t ion  f o r  a  f a c t o r  inpu t  such a s  water .  The 
mathematical framework of t h e  p r o ~ l e m  is  presen t ed  i n  t he  
Appendix. 
What determines  now an i n d u s t r y ' s  use of water w i l l  
change i f  the  c o s t s  of u s i n g  water cnange? To g e t  a  f e e l  
f o r  t h e  i s s u e s  involved,  we cons ider  t h e  case  where t h e r e  
a r e  only  two r a c t o r  i n p u t s  t o  t h e  p roauc t ion  Grocess. 
Assume t h a t  tne  i n b u s t r i a l  t a c i l i t y  produces a  proauct  X 
w i t h  only two inpdcs:  water w and c a p i t a l  K .  I f  the  c o s t  
of using watsr i n c r e a s e s  e i t h e r  or 0 0 t h  o t  two th ings  can 
na@pen. F i r s t ,  t h e  increased  c o s t  o t  water w i l l  i nc rea se  the 
average c o s t  o t  2rouucing A .  I f  the  f i r m  is  t o  remain i n  
o u s i n e s s ,  i n  t he  long run it  m u s L  cover i t s  c o s t s .  
i n e r e r o r e ,  t n e  p r i c e  o t  X w i i l  r i s e  ana t n e  aemand i o r  X 
w i l l  f a l l .  T h i s  f a l l  i n  t ne  yrocluction O L  t n e  product  w i l l  
reauce tne  quanc i ty  o i  water used oy t h e  f i rm.  Thus, t h e  
more tne  demanu f o r  tne t i r m ' s  p roauc t  k a l l s  a s  t h e  p r i c e  of 
cne prouuct  r i s e s ,  t n e  more t h e  i i r m ' s  aemana f o r  water 
r a l l s  a s  tne  c o s t s  of using water r i s e  [ 1 5 j .  
second,  t h e  i n d u s t r y  w i l l  t r y  t o  minimize i t s  c o s t s  of 
-- 
product ion f o r  any l e v e l  of ou tpu t .  If  t h e  c o s t s  of using 
water i n c r e a s e ,  t n e  f i r m  w i l l  a t tempt  t o  use l e s s  water and 
use more c a p i t a l  i n s t e a d .  The a c t u a i  degree  of s u b s t i t u t i o n  
wnich occurs  between water and t h e  c a p i t a l  depends upon two 
i a c t o r s .  The f i r s t  is  t h e  t e c h n i c a l  f e a s i b i l i t y  of 
s u b s t i t u t i n g  one f a c t o r  f o r  another  a t  d i f f e r e n t  f a c t o r  
r a t i o s .  There a r e  two extreme possibilities: (1) t h e r e  i s  
no s u b s t i t u t i o n  p o s s i b l e  between t h e  two f a c t o r s ;  and ( 2 )  
t h e  two f a c t o r s  a r e  2 e r f e c t  s u b s t i t u t e s  f o r  each o t h e r .  The 
degree  of s u b s t i t u t i o n  is  comnlonly assumed t o  be sonewnere 
between the se  two extremes;  t h e  l e s s  of one f a c t o r  we have, 
t h e  harder  it is t o  s u b s t i t u t e  t h e  o ther  f a c t o r .  
'i'he e x t e n t  t o  which substitution between water and 
o t h e r  f a c t o r  i n p u t s  is t e c h n i c a l l y  f e a s i o l e  w i l l  ue2ena i n  
l a r g e  p a r t  upon tne  s p e c i i i c  use of water i n  t n e  i n d u s t r i a l  
L a c i l i t y .  I n a u s t r i a l  p l a n t s  use water  r o r  any of trle 
ro l lowing reasons  l i b ]  : 
1. c i ean ing  of i n p u t s ,  i n t e r n e a i a t e  p rouuc t s ,  
ana o u t p u t s ;  
2 .  coo l ing ;  
3 .  d i s ~ o s a l  of r e s i d u a l s  from t h e  product ion p roces s ;  
4 .  t r a n s p o r t  of m a t e r i a l s  through a  sequence of 
p roauc t ion  s t a g e s ;  
5. component  of  t h e  f i n a l  p r o d u c t ;  
b .  o u t p u t  of  t h e  2 r o d u c t i o n  p r o c e s s ,  i . e . ,  t h e  p r o c e s s  
i s  a n e t  procrucer o t  w a t e r ;  
7 .  s a n i t a r y  f a c i l i t i e s .  
'There  a r e  f ew g e n e r a l l y  a p p l i c a b l e  g u i d e l i n e s  a s  t o  
~ n i c h  u s e s  o f  w a t e r  are  more r e a d i l y  a m e n d a b l e  t o  
s u b s t i t u r i o n  by o t h e r  f a c t o r  i n p u t s .  2 l a n t s  w h i c h  w i t n d r a w  
l a r g e  amounts  of  w a t e r  f o r  o n c e - t h r o u g h  c o o l i n g  c a n  u s u a l l y  
g r e a t l y  r e d u c e  t h e i r  w a t e r  w i t n d r a w a l  by i n v e s t i n g  c a p i t a l  
i n  a  c i o s s d - c y c l e  c o o l i n g  s y s t e m .  T h u s ,  t h e r e  is  some p r i c e  
o r  i n t a k e  w a t e r  a t  w n i c n  t h e  t a c i l i t y  i s  i n d i f f e r e n t  b e t w e e n  
p a y i n g  t i l e  c h a r g e  f o r  i n t a k e  w a t e r  and  making t h e  c a p i t a l  
i n v e s t m e n t  n e c e s s a r y  f o r  r e c i r c u l a t i o n .  I f  t h e  f a c i l i t y  i s  
a c t u a l l y  a  n e t  p r o d u c e r  o f  w a t e r ,  r e d u c i n g  w a s t e w a t e r  
u i s c h a r g e s  be low some l e v e l  may b e  v e r y  e x p e n s i v e  w i t h o u t  
c h a n g i n g  t h e  p r o d u c t i o n  p r o c e s s .  I n  g e n e r a l ,  h o w e v e r ,  t h e  
d e g r e e  of s u b s t i t u t i o n  which  c a n  b e  a c h i e v e d  c a n  o n l y  b e  
d e t e r m i n e d  by a  t e c h n i c a l  e v a l u a t i o n  o f  t h e  a c t u a l  s i t u a t i o n  
a n d  t n e  o p t i o n s  open  t o  t h e  s p e c i f i c  p l a n t .  
'l'he s e c o n d  f a c t o r  which  a f f e c t s  t h e  a c t u a l  d e g r e e  o f  
s u b s t i t u t i o n  which  o c c u r s  b e t w e e n  water a n d  c a p i t a l  is t h e  
e l a s t i c i t y  of  s u p p l y  o f  c a p i t a l .  C o n s i d e r  t h e  e x a m p l e  o f  
a i r  v e r s u s  w a t e r  c o o l i n g .  I t  may b e  t e c h n i c a l l y  f e a s i b l e  t o  
s w i t c h  f rom w a t e r  t o  a i r  c o o l i n g .  I f  t h e  p r i c e  o f  w a t e r  
r i s e s ,  a t  t h e  i n i t i a l  p r i c e  o f  a i r  c o o l i n g  s y s t e m s  i t  may b e  
e c o n o m i c a l l y  j u s t i f i e d  t o  s w i t c h .  B u t  a s  more f i r m s  s w i t c h ,  
t h e  demand f o r  a i r  c o o l i n g  s y s t e m s  i n c r e a s e s  and  t h e  p r i c e  
o t  a i r  c o o l i n g  s y s t e m s  may r i s e ,  t h u s  mak ing  t h e  s w i t c h  less  
a n d  less  a t t r a c t i v e  e c o n o m i c a l l y .  O r  f i r m s  m i g h t  l i k e  t o  
s w i t c h  t o  a i r  c o o l i n g ,  o u t  t n e  s y s t e m s  may s i m p l y  n o t  b e  
a v a i l a ~ i e  i n  t h e  s n o r t  r u n .  E i t h e r  t h e  p r o d u c t i o n  c a p a c i t y  
f o r  a i r  c o o l i n g  e q u i p m e n t  i s  f i x e d  i n  t h e  s h o r t  r u n  or  t h e  
s k i l l e a  l a b o r  a n a  c o n t r a c t o r s  n i g h t  n o t  b e  a v a i l a o l e  t o  
install t n e  a l r  c o o l i n g  s y s t e l n s .  Sucn  s n o r t  term c a p a c i t y  
o o t t l e n e c k s  c a n  e a s l l y  o c c u r  i f  many i n d u s t r i a l  t a c i l i t i e s  
a t t e m p t  t o  s u b s t i t u t e  t h e  same f a c t o r  f o r  w a t e r  a t  t n e  same 
t i m e ,  a u e  p e r n a p s  t o  a u n i f o r m  p o l l u r i o n  a b a t e m e n t  d e a d l i n e .  
' l o  s u m m a r i z e ,  i f  t h e  p r i c e  o f  w a t e r  r i s e s ,  we e x p e c t  
t h a t  t h e  q u a n t i t y  o f  w a t e r  u s e d  w i l l  f a l l  b e c a u s e  b o t h  t h e  
o u t p u t  e i i e c t  ( w e  p r o a u c e  less  o f  t h e  p r o a u c t  a n d  t h u s  u s e  
less  w a t e r )  a n d  t h e  s u b s t i t u t i o n  e f f e c t  ( f o r  a g i v e n  
p r o d u c t i o n  l e v e l  w e  u s e  less  w a t e r  and  more o f  o t h e r  f a c t o r  
i n p u t s )  a r e  n e g a t i v e .  The q u a n t i t y  o f  c a p i t a l  may e i t h e r  
r i s e  o r  f a l l  d e p e n d i n g  on t h e  r e l a t i v e  m a g n i t u d e s  o f  t h e  
p o s i t i v e  s u b s t i t u t i o n  e f f e c t  ( less  w a t e r  is  u s e d  a n d  t h u s  
more  c a p i t a l )  a n d  the n e g a t i v e  o u t p u t  e f f e c t  ( less  o f  t h e  
p r o d u c t  i s  p r o d u c e d  and  t h u s  l e s s  c a p i t a l  is r e q u i r e d ) .  
when t h e r e  are  t h r e e  o r  more  f a c t o r s  o f  p r o d u c t i o n ,  a n  
increase  i n  tne p r i c e  of one fac to r  may increase  or decrease 
the  quant i ty  of otner inpu t s ,  even noluing output constant .  
I n  other  worus, w i t h  a  given l e v e l  of production, inputs  may 
oe e i t n e r  s u b s t i t u t e s  or complements. 
3 . 2  S t a t i s t i c a l  Estimation of I n d u s t r i a l  water Demand 
- - - 
Functions 
- 
The est imation of i n d u s t r i a l  water demand funct ions 
w i t n  ora inary  l e a s t  squares regression techniques is a  
s p e c i a l  case of tne es t imat ion  of regression equation i n  
wnich the choice of the explanatory v a r i a ~ l e s  is  Dased upon 
microeconomic theory.  For a  given technology, the 
explanatory v a r i a ~ l e s  a re  hypotnesizeu t o  be the p r i ce  of 
water (or  cos t s  of using water) , t he  p r i c e s  of other  f ac to r  
inpu t s ,  ana the l e v e l  ok output .  Since the proauct mix  and 
product s p e c i t i c a t i o n s  vary Detween i n d u s t r i a l  f a c i l i t i e s  
ancl a t  the same f a c i l i t y  over tiine, t n i s  m u s t  a l s o  be taken 
i n t o  cons iaera t ion .  Tne expectat ions a r e  t h a t  the 
c o e f r i c i e n t  for  tne p r i c e  of water w i l l  be negative ( the  
nigner tne cos t s  o i  water use, the l e s s  water usea) and t o r  
o u t ~ u t  w i l l  be p o s i t i v e  ( t h e  more output ,  t ne  more water 
used) .  The s i g n s  of the c o e f f i c i e n t s  on the  p r i c e s  of other 
r ac to r  inputs  can De e i t h e r  negative or p o s i t i v e  depending 
upon wnetner they a re  complements or s u b s t i t u t e s  
respect ive ly .  
Tnere i s  no a  p r i o r i  c o r r e c t  funct ional  form for  a  
aeinanu funct ion.  I n  s t a t i s t i c a l  work, however, the  demand 
funct ion i s  com~nonly assumed t o  be e i t h e r  a d d i t i v e ,  
m u l t i p l i c a t i v e ,  or  a  combination of the two, y ie ld ing  the  
Lollowing l i n e a r ,  logari thmic,  or semi logari thmic forms [ l a ] :  
where Q is the quan t i ty  of water used, a re  tne  
explana!ory var i a o l e s .  The log- l inear  
p r e t e r r e a  on t n e o r e t i c a l  grounds because it implies a  Cobb- 
D o u g l a s  p r o d u c t i o n  f u n c t i o n .  T h e s e  f o r m s  a r e  c o n v e n i e n t  
b e c a u s e  t h e y  a l l o w  t h e  u s e  o f  o r d i n a r y  l e a s t  s q u a r e s  
r e g r e s s i o n  t e c h n i q u e s  i f  i t  c a n  b e  assumed t h a t  t h e  
e x p l a n a t o r y  v a r i a ~ l e s  a r e  d e t e r m i n e d  i n d e p e n d e n t l y  o f  t h e  
q u a n t i t y  o f  w a t e r  u s e d .  A l t n o u g h  more c o m p l i c a t e d  
i u n c t i o n a l  f o r m s  c o u l a  b e  u s e a ,  n e i t h e r  t h e  t h e o r y  n o r  t h e  
a v a i l a b l e  d a t a  j u s t i f y  g r e a t e r  s o p h i s t i c a t i o n  [ 1 9 ] .  
I n  most  i n d u s t r i e s  G h a s  b e e n  p r i m a r i l y  d e t e r m i n e d  by 
W t n e  l e v e l  o f  p r o a u c t i o n  a c t i v i t y ,  i n d i c a t e d  by s u c h  
v a r i a b l e s  a s  t o n s  o f  o u t p u t ,  volume of o u t p u t ,  o r  numDer o f  
e m p l o y e e s .  Tne w a t e r  r e s o u r c e s  a n a l y s t  is o f t e n  
p a r t i c u l a r l y  i n t e r e s t s u ,  however ,  i n  w h a t  v a r i a b l e s  o t h e r  
t h a n  i n u u s t r i a l  o u t p u t  c a n  D e  changed  t o  a l t e r  water u s e .  
' l ne  s t a n a a r a  p r o c e a u r e  is t h u s  t o  remove t h e  i n f l u e n c e  o f  
o u t p u t  l e v e l  on t o t a l  w a t e r  u s e  and t o  e s t i m a t e  t h e  
v a r i a u l e s  e x 2 l a i n i n y  w a t e r  u s e  p e r  t o n  o f  o u t p u t  o r  p e r  t o n  
i n p u t . .  . 
QJ u n i t  o f  o u t p u t  = a l  
I n  t h i s  c a s e ,  i f  o n e  o f  t h e  e x p l a n a t o r y  v a r i a b l e s  is 
o u t p u t ,  i t s  e s t i m a t e d  c o e f f i c i e n t  w i l l  n o t  m e a s u r e  t h e  
e f f e c t  o f  t h e  l e v 2 1  o f  economic  a c t i v i t y ,  b u t  t h e  e f f e c t  o f  
a n o t h e r  v a r i a b l e  s u c h  a s  e c o n o m i e s  o f  s c a l e  i n  p r o d u c t i o n  o r  
o p e r a t i n g  e f f i c i e n c y  o f  t h e  p l a n t  on w a t e r  u s e  p e r  u n i t  o f  
o u t p u t .  
3 . 2 . 1  Some P r a c t i c a l  C o n s i d e r a t i o n s  anu D i f f i c u l t i e s  w i t h  
- ----- 
t h e  A p s l i c a t i o n  - of  - R e g r e s s i o n  ' l e c h n i q u e s  t o  Mode l ing  
K u s t r  i a l  n a t e r  O e m a n u K e l a t i o n s h i p s  
-
-- 
There a r e  a  few e x a m p l e s  i n  t n e  l i t e r a t u r e  o f  the  
a p p l i c a t i o n  o f  r e g r e s s i o n  t e c h n i q u e s  t o  t h e  m o d e l i n g  o f  
i n d u s t r i a l  w a t e r  u s e  whicn i n c l u d e  t h e  " p r i c e  o f  w a t e r "  as  
o n e  of t n e  e x p l a n a t o r y  v a r i a b l e s ,  b u t  t h e  a p p r o a c h  h a s  n o t  
b e e n  w i d e l y  used [2w]. A l t h o u g h  t h e  u s e  o f  r e g r e s s i o n  
t e c h n i q u e s  t o  e s t i m a t e  i n d u s t r i a l  w a t e r  demand a p p e a r s  
s t r a i g h t f o r w a r d ,  t h e r e  a r e  numerous  d i f f i c u l t i e s  i n v o l v e d .  
The -- f i r s t  is t h e  c l a s s i c  p r o b l e m  i n  t h e  s t a t i s t i c a l  
e s t i m a t i o n  o f  demand f u n c t i o n s :  t h e  i d e n t i f i c a t i o n  o f  t h e  
demand f u n c t i o n  i t s e l f .  I n  t h i s  c a s e ,  t h e  i d e n t i f i c a t i o n  
p r o b l e m  i s  c o n c e r n e d  w i t h  w h e t h e r  i t  i s  p o s s i b l e  t o  
d i s t i n g u i s h  t h e  f o l l o w i n g  demand r e l a t i o n s h i p :  
where Pw = t he  p r i c e  of water; Qd = quan t i ty  of water demanded 
and Z , . . . Z  = add i t iona l  explanatory va r i ab les  
n  
from a  supply r e l a t i o n s h i p  of the  form 
where Qs = quan t i ty  of wat.er supplied 
and Z ; . . . Z 1  = a d d i t i o n a l  explanatory v a r i a b l e s ,  
m 
some of which may o r  may not  equal  Z ... Z 
1 n  
Tne da ta  a re  in  the  form of pr ice-quant i ty  o ~ s e r v a t i o n s .  
The "p r i ce  of water" may be determined simultaneously by 
botn supply-side and demand-side forces .  If the "p r i ce  of 
water" zhanges and botn the supply and demand re la t ionsn ips  
cnange, it may be d i t i i c u l t  t o  d isentangle  the s n i f t s  i n  one 
Lroin tne  s h i f t s  i n  t ne  o tne r .  More formally,  a  necessary 
condi t ion for  a  s t r u c t u r a l  equation t o  be i d e n t i f i e d  is t h a t  
tne  numDer of exogenous or predetermined va r i ab les  i n  the  
complete moael wnich a re  excluded from the  equation m u s t  be 
g rea te r  than or equal t o  the  number of endogenous va r i ab les  
included i n  the  equation m i n u s  one [ 2 1 ] .  T h i s  is  a  
a i k f i c u l t  condi t ion t o  meet i n  t he  es t imat ion  of i n d u s t r i a l  
water demand funct ions .  The next sec t ion  on the s t a t i s t i c a l  
modeling of water use i n  t he  Dutch paper indus t ry  d iscusses  
the  i d e n t i f i c a t i o n  problem i n  more d e t a i l .  
A second d i f f i c u l t y  concerns the  i i r e c t  es t imation of 
t h e  water demand r e l a t i o n s h i p  when some of tne right-hand 
s i d e  explanatory v a r i a ~ l e s  a re  not predetermined. Two 
va r i ab les  which a r e  endogenous i n  the  more complete model 
a r e  the quan t i ty  of production and the  " p r i c e  of water".  
2ven i f  the demand funct ion is i d e n t i f i e d ,  i f  the  " p r i c e  of 
water" or l e v e l  of production is  not predetermined, oruinary 
l e a s t  squares  es t imat ion  w i l l  y ie ld  biased and incons is ten t  
es t imates  because the " p r i c e  of water" or  l e v e l  of 
production va r i ab les  w i l l  ue cor re la t ed  w i t h  the e r r o r  term. 
S t a n d a r d  metnods f o r  e s t i m a t i n g  a  s t r u c t u r a l  e q u a t i o n  
i n  which one  o r  more o f  t h e  e x p l a n a t o r y  v a r i a b l e s  a r e  
endogenous i n  t h e  model i n c l u d e  i n s t r u m e n t a l  v a r i a b l e s  o r  
two s t a g e  l e a s t  s q u a r e s  [ 2 1 ] .  A good i n s t r u m e n t  i n  t h i s  
c a s e  w i l l  be h i g h l y  c o r r e l a t e d  w i t n  t h e  p r i c e  of  wa te r  
v a r i a b l e  and i n d e p e n d e n t  o f  t h e  e r r o r  t e r m ,  i . e . ,  t h e  
i n s t r u m e n t  is p r e d e t e r m i n e d  w i t h  r e s p e c t  t o  t h e  model.  
G n f o r t u n a t e l y ,  i n  t h i s  p roblem o f  e s t i m a t i n g  demand 
f u n c t i o n s  f o r  i n d u s t r i a l  wa te r  u s e ,  good i n s t r u m e n t s  a r e  
v e r y  h a r a  t o  come by. S i m i l a r l y ,  two s t a g e  l e a s t  s q u a r e s  
a p p e a r  i n a p p r o p r i a t e  because ,  a s  Ginn e t  a 1  n o t e ,  t h e r e  a r e  
t o o  few p r e d e t e r m i n e d  v a r i a b l e s  i n  t h e  model o f  i n d u s t r i a l  
w a t e r  u s e .  
Tne t h i r d  d i f i i c u l t y  c o n c e r n s  t h e  d a t a  g e n e r a l l y  
a v a i l a b l e  f o r  t h e  e s t i m a t i o n .  The re  may be l i t t l e  
e x p e r i e n c e  i n  t n e  h i s t o r i c a l  a a t a  f o r  t h e  k i n d s  o f  c h a n g e s  
wnicn may be l i k e l y  t o  t a k e  p l a c e  i n  t h e  f u t u r e .  I n d u s t r y  
n a s  t r a a i t i o n a l l y  t r e a t e d  wa te r  a s  a  f r e e  good.  Many o f  t h e  
i m p a c t s  of e n v i r o n m e n t a l  r e g u l a t i o n s  have  y e t  t o  b e  f u l l y  
r e f l e c t e d  i n  t h e  h i s t o r i c a l  d a t a  o f  many c o u n t r i e s .  Recent  
i n c r e a s e s  i n  t h e  c o s t s  o f  u s i n g  wa te r  o r  a b s o l u t e  q u a n t i t y  
r e s t r i c t i o n s  may c a u s e  t e c h n o l o g i c a l  changes  which w i l l  
s h i f t  t h e  aemand c u r v e  f o r  w a t e r .  The e s t i m a t e d  
c o e f f i c i e n t s  w i l l  t h u s  n o t  remain  c o n s t a n t  o v e r  t h e  
p r o l e c t i o n  p e r i o u .  I n  s h o r t ,  t h e  p a s t  may be a  poor g u i d e  
t o  t h e  f u t u r e .  
Moreover ,  t h e r e  a r e  v i r t u a l l y  no p u b l i c l y  a v a i l a b l e  
t i m e  s e r i e s  o r  c r o s s - s e c t i o n  d a t a  f o r  i n d i v i d u a l  i n d u s t r i a l  
p l a n t s  which i n c l u d e  t h e  f o l l o w i n g  v a r i a b l e s :  q u a n t i t y  of  
w a t e r  wi thdrawn;  q u a n t i t y  of wa te r  d i s c h a r g e d ;  g r o s s  wa te r  
u s e ;  m a r g i n a l  c o s t s  o f  water  u s e  i n c l u d i n g  w i t h d r a w a l  and 
d i s p o s a l  c h a r g e s ;  p r i c e s  of  o t h e r  f a c t o r  i n p u t s ;  and l e v e l  
o f  p r o u u c t i o n .  C r o s s - s e c t i o n  d a t a  a r e  more o f t e n  a v a i l a b l e  
t h a n  t ime  s e r i e s ,  b u t  t h e y  a r e  f r e q u e n t l y  o f  q u e s t i o n a b l e  
r e l i a b i l i t y  Decause t h e y  a r e  based  on s i m p l e  s u r v e y s  o r  
q u e s t i o n n a i r e s .  l n  a d d i t i o n  t h e  sample s i z e s  a r e  i n v a r i a b l y  
s m a l l  because  such  d a t a  c o l l e c t i o n  is  t e d i o u s  and d i f f i c u l t  
[221 .  
The " p r i c e  of w a t e r "  v a r i a b l e ,  i n  p a r t i c u l a r ,  p r e s e n t s  
u a t a  p r o ~ l e m s .  The i n f o r m a t i o n  which s h o u l d  be i n c l u d e d  i n  
t h e  water  demand f u n c t i o n  is t h e  m a r g i n a l  b e n e f i t  o f  wa te r  
t o  the p l a n t  a t  t h e  s p e c i f i e d  q u a n t i t y  of  w a t e r .  A p l a n t  i s  
assumea t o  u se  wa te r  u n t i l  t h e  m a r g i n a l  b e n e f i t s  of wa te r  
e q u a l  t h e  m a r g i n a l  c o s t s  o f  u s i n g  w a t e r .  S i n c e  t h e  d a t a  
r e f l e c t  e q u i l i b r i u m  v a l u e s ,  t h e  m a r g i n a l  c o s t s  o f  wa te r  u s e  
c a n  be used f o r  t h e  " p r i c e  of  w a t e r "  v a r i a b l e  i n  t h e  aemand 
f u n c t i o n .  
S i n c e  many l a r g e  wa te r -us ing  i n d u s t r i e s  o b t a i n  t n e i r  
own s u p p l i e s  d i r e c t l y  from s u r f a c e  o r  g r o u n a w a t e r ,  t h e  
m a r g i n a l  c o s t s  o i  u s i n g  wa te r  must u s u a l l y  ue  c a l c u l a t e d  oy 
t n e  a n a l y s t .  The u s u a l  p r o c e d u r e  is  t o  a t t e m p t  t o  a e r i v e  t h e  
" c o s t s  o t  u s i n g  w a t e r "  f rom i n f o r m a t i o n  on  wa te r  i n t a ~ e  
c h a r g e s ,  pumping c o s t s ,  p r e t r e a t m e n t  c o s t s ,  was t ewa te r  
t r e a t m e n t  c o s t s ,  and e i i l u e n t  c h a r g e s .  I n d u s t r i e s  may n o t  
o n l y  be r e l u c t a n t  t o  r e l e a s e  s u c n  i n f o r m a t i o n ,  b u t  a l s o  t h e y  
may n o t  have a c c u r a t e  e s t i m a t e s  of  such  w a t e r - r e l a t e d  c o s t s  
t h e m s e l v e s .  Some of t h e  components o f  t h e s e  c o s t s  o f  u s i n g  
wa te r  a r e  c a l c u l a t e d  by a m o r t i z i n g  c a p i t a l  e x p e n d i t u r e s  f o r  
s u c h  i t e m s  a s  pumps, p i p i n g ,  and  w a s t e  t r e a t m e n t  p l a n t s .  
The c o s t s  of u s i n g  one u n i t  of w a t e r  a r e  u s u a l l y  d e r i v e d  by 
a i v i d i n g  t h e  t o t a l  a n n u a l  c o s t s  by t h e  t o t a l  q u a n t i t y  of 
w a t e r  used d u r i n g  t h e  y e a r .  The p r o c e d u r e  y i e l d s  a v e r a g e  
c o s t s  p e r  u n i t  o f  wa te r  r a t h e r  t h a n  m a r g i n a l  c o s t s  o f  u s i n g  
w a t e r ,  which is  t h e  a p p r o p r i a t e  v a r i a b l e  t o  u s e  i n  t h e  
e s t i m a t i o n  of t h e  demana f u n c t i o n  [ 2 3 ] .  
Data  on t h e  p r i c e s  of  o t h e r  f a c t o r  i n p u t s  a r e  a l s o  
d i f f i c u l t  t o  o b t a i n .  The re  a g a i n  a p p e a r  t o  be  few ways 
a round  t h i s  problem e x c e p t  by a  t h o r o u g h  d a t a  c o l l e c t i o n  
e f f o r t .  A p p r o p r i a t e  p roxy  v a r i a b l e s  a r e  a i f f i c u l t  t o  f i n d .  
D e  Rooy h a s  s u g g e s t e d  t h e  u s e  of  t h e  p r i c e  of r e c y c l e d  water  
a s  a  s u b s t i t u t e  f o r  the  p r i c e s  of  o t h e r  f a c t o r  i n p u t s ,  
a r g u i n g  t h a t  r e c y c l e d  wa te r  is  t h e  c l o s e s t  s u b s t i t u t e  f o r  
w a t e r  i n t a k e .  T h i s  would appea r  t o  be  a  r e a s o n a b l e  v a r i a b l e  
t o  i n c l u d e  when a t t e m p t i n g  t o  e x p l a i n  w a t e r  i n t a k e  ( i t  d o e s  
n o t  s o l v e  t h e  problem of  l a c k  of  d a t a  o n  o t h e r  f a c t o r  i n p u t  
g r i c e s  when a t t e m p t i n g  t o  e x p l a i n  g r o s s  w a t e r  u s e ) .  The re  
a r e  l i k e l y ,  however ,  t o  be prob lems  w i t h  t h e  d a t a  f o r  t n i s  
v a r i a ~ l e .  Un le s s  t h e  c o s t  e s t i m a t e s  a r e  based  u p o ~  a e t a i l e d  
e n g i n e e r i n g  d e s i g n  s t u d i e s  f o r  i n d i v i d u a l  i n a u s t r i a l  
i a c i l i t i e s ,  t h e  e s t i m a t e d  c o s t s  o f  r e c i r c u l a t i o n  a r e  
u n l i k e l y  t o  show s i g n i f i c a n t  v a r i a t i o n  o v e r  time o r  f rom 
p l a n t  t o  p l a n t .  The f a i l u r e  t o  i n c l u d e  t h e  p r i c e s  of  o t n e r  
t a c t o r  i n p u t s  a s  v a r i a b l e s  i n  t h e  e s t i m a t i o n  w i l l  l e a d  t o  
b i a s e d  ana  i n c o n s i s t e n t  e s t i m a t e s  [ 2 4 ] .  For c r o s s - s e c t i o n  
a n a l y s i s  f o r  p l a n t s  i n  a  s m a l l  r e g i o n  t h i s  l a c k  o f  f a c t o r  
i n p u t  p r i c e s  may n o t  be a  s e r i o u s  p rob lem b e c a u s e  p r i c e s  f o r  
s u c h  i n p u t s  a s  e n e r g y  and  l a b o r  a r e  l i k e l y  t o  be r e l a t i v e l y  
c o n s t a n t  a c r o s s  t h e  s ample .  Moreover,  some of t h e  i n f l u e n c e  
o f  v a r i a t i o n s  i n  f a c t o r  i n p u t  p r i c e s  may be  a c c o u n t e d  f o r  Dy 
a  v a r i a b l e  f o r  t y p e  o f  t e c h n o l o g y .  
The r e l i a n c e  on c r o s s - s e c t i o n  a a t a  h i g h l i g h t s  a  f o u r t h  
problem g e n e r a l l y  a s s o c i a t e d  w i t h  r e g r e s s i o n  models  of 
i n d u s t r i a l  wa te r  use: a g g r e g a t i o n .  The c o e f f i c i e n t s  o f  
r e g r e s s i o n  e q u a t i o n s  e s t i m a t e d  w i t h  c r o s s - s e c t i o n  d a t a  f o r  
d i f f e r e n t  p l a n t s  may be u s e f u l  a s  a v e r a g e  o r  r e p r e s e n t a t i v e  
v a l u e s  f o r  t h e  i n d u s t r y  o r  f o r  t h e  p a r t i c u l a r  s u b s e t  o f  t n e  
i n d u s t r y  f rom which t h e  sample  is drawn.  They may be of 
l i t t l e  va lue ,  however, f o r  t he  e s t i m a t i o n  of water use by a  
p a r t i c u l a r  f a c i l i t y .  Tne es t imated  equat ion is more l i k e l y  
t o  be u se fu l  f o r  a  s p e c i f i c  p l a n t  if such v a r i a b l e s  a s  age 
of  p l a n t ,  type of process  technology,  geographic  r e g i o n ,  and 
product  m i x  a r e  e i t h e r  included i n  t n e  r eg re s s ion  or  a r e  
c o n s t a n t  a c r o s s  t h e  sample. However, v a r i a t i o n s  i n  water 
use ana wastewater d i s cha rges  a r e  o f t e n  l a r g e  even i f  f o r  
p l a n t s  w i t h  t he  same process  technology and proauct  mix, and 
t h e  a n a l y s t  should keep c l e a r l y  i n  mind t h e  l e v e l  of 
aggrega t ion  of i n d u s t r i a l  water use which i s  a c t u a l l y  being 
modeled. Regression e s t ima te s  w i t h  c ros s - sec t i on  d a t a  do 
no t  y i e l d  much informat ion a ~ o u t  water use p a t t e r n s  a t  t h e  
a c t i v i t y  l e v e l  of t h e  s p e c i f i c  i n d u s t r i a l  p l a n t .  
A f i f t n  ~ o i n t  o  cons ider  i n  t he  use of c ~ o S S - S ~ C ~ ~ O ~  
o r  time s e r i e s  d a t a  t o  e s t ima te  moaels o i  i n d u s t r i a l  water 
use r e l a c e s  t o  t h e  time per ioa  being modeled. I tne  
quan t icy  of water used is  regressed  on va r ious  explanatory 
va r i aDles  sucn a s  t h e  p r i c e  of water ,  l e v e l  of o u t p u t ,  e t c . ,  
t h e  t i n e  per iod musc oe e x p l i c i t  i n  t h e  equa t ion- - i . e . ,  
cub i c  meters of water used per month or  per y e a r ,  t ons  o t  
ou tpu t  per month, e t c .  Data a v a i l a b l e  f o r  such a  r eg re s s ion  
would r a r e l y  De p r e c i s e  d a i l y  va lues ,  and i f  t hey  a r e  
r e p o r t e a  a s  d a i l y ,  sucn a s  cub ic  meters  of water per day,  
tney should u sua l ly  De i n t e r p r e t e d  a s  mean va lues  f o r  a  
longer  time per iod .  Even i f  t h e  d a t a  a r e  p r e c i s e  d a i l y  
v a l u e s ,  t h e  a n a l y s t  should no t  assume t h a t  such s imple  
f u n c t i o n a l  r e l a t i o n s h i p s  and smal l  s e t s  of exp lana tory  
v a r i a b l e s  a s  i nd i ca t ed  here  a r e  capab le  of exp la in ing  d a i l y  
v a r i a t i o n s  i n  water use by an i n d u s t r i a l  f a c i l i t y .  T h u s ,  an 
e q ~ a t i o n  e s t ima tea  w i t n  " d a i l y "  d a t a  should no t  be 
misconstrued a s  a c t u a l l y  exp la in ing  water use a t  a  
p a r t i c u l a r  p l a n t  - on - a qivefi day; t h i s  would r e q u i r e  a  much 
more d e t a i l e d  unders tanding of water use p a t t e r n s  a t  t h e  
p a r t i c u l a r  p l a n t  or a  much more ex t ens ive  s e t  o r  p r e c i s e  
d a i l y  d a t a .  
When c ros s - sec t i on  or tune s e r i e s  d a t a  a r e  used t o  
r e g r e s s  t he  q u a n t i t y  of water used per ton on va r ious  
exp lana tory  v a r i a b l e s ,  t h e  time per iod is  no t  always made 
e x p l i c i t .  It  i s  s t i l l ,  of course ,  i m p l i c i t  i n  t h e  va lues  of 
t n e  d a t a  f o r  the  exp lana tory  v a r i a b l e s .  To e s t i m a t e  water 
use ~ y  a  given p l a n t ,  cne a n a l y s t  can s u b s t i t u t e  t n e  va lues  
o f  t n e  exp lana tory  v a r i a b l e s  f o r  t h a t  p a r t i c u l a r  p l a n t  i n t o  
t h e  es t imated  water uemana r e l a t i o n s h i p .  T h i s  w i l l  y i e l d  
water use per u n i t  of ou tpu t  f o r  t n a t  p l a n t  a s  a  mean or  
r e p r e s e n t a t i v e  value  over some time per iod  determined by t h e  
a a t a  f o r  tne  exp lana tory  v a r i a b l e s .  The t o t a l  water used by 
t n e  p l a n t  over some time per iod is then t h e  water use per 
u n i t  of ou tpu t  t imes t he  ou tpu t  of t n e  p l a n t .  
3 . 2 . 2  S t a t i s t i c a l  Es t imat ions  of I n u u s t r i a l  Water Demand 
-- - - - 
~ e i a t i o n s n i p s :  An Analysis  of t n e  Dutcn 2aper Inuus t ry  
- - --
Lata were c o l l e c t e a  on water use i n  t h e  Duten paper 
i n d u s t r y  ( s ee  'I'aole 3 )  i n  order t o  i l l u s t r a t e  some of t n e  
concep ts  and proolems involvea i n  t n e  s t a t i s t i c a l  moael ing 
of industrial water aemanu r e l a t i o n s h i p s .  Few s o l u t i o n s  a r e  
o r i e r e u  t o  t ne  problems r a i s e d  i n  tile p rev ious  s e c t i o n ;  t h e  
purpose of t h i s  example i s  racher  t o  snow t h e  e x i s t i n g  
p r a c t i c e  i n  tne  f i e l u  and i t s  l i m i t a t i o n s .  
AS a  b a s i s  f o r  t h e  a n a l y s i s ,  t h e  fol lowing model of 
water i n t ake  per u n i t  of product ion was used: 
where 
I W  = water i n t ake  or  water witndrawals;  
Q = phys i ca l  ou tpu t  of t h e  f i n a l  p roduc t ;  
Pw = " p r i c e  o i  water i n t a k e " ;  
T = tecnnology,  c l a s s i f i e d  a s  o l u ,  average ,  or  
adV3nc2u ; 
bYy = type of product ion p r o c e s s ,  c l a s s i f i e d  a s  
s imp le ,  average,  or  complicated;  and 
Yr = proauc t  type.  
u rd ina ry  l e a s t  squa re s  r e g r e s s i o n  techniques  were used 
t o  e s t i m a t e  l i n e a r ,  semi-logaricnmic,  and loga r i t hmic  forms 
of  the  equa t ion  exp la in ing  water wi thdrawals  per u n i t  of 
p rouuc t ion  i n  t h e  sample of 2 2  p l a n t s .  
 he ques t i on  of t h e  i d e n t i f i c a t i o n  of t h i s  equa t ion  
concerns  t h e  type of r e l a t i o n s h i p  a c t u a l l y  o ~ t a i n e d  from 
t h i s  r e g r e s s i o n  model. The a n a l y s t  may on ly  be i n t e r e s t e d  
i n  t h e  es t imated  parameters  i n  t h e  i n d i v i d u a l  f a c i l i t y  ' s  
demand f u n c t i o n  f o r  water .  In order  t o  i d e n t i f y  the  aemand 
kunc t ion ,  however, c a r e  m u s t  be taken  with t h e  assumptions 
concerning the  s p e c i f i c a t i o n s  of a  more complete model whicrl 
d e t a i l s  how each of t h e  v a r i a b l e s  i n  t h e  moael is  
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de t e rmined - -wh e th e r  i t  is exogenous  o r  endogenous  t o  t h e  
moae l .  For ex amp le ,  i f  t n e  ' ' p r i c e  o f  w a t e r "  v a r i a ~ l e  i s  a  
f u n c t i o n  o t  t h e  q u a n t i t y  o f  w a t e r  u s e d  and t n e  p r o d u c t i o n  
t e c h n o l o g y ,  i t  is  n o t  p r e d e t e r i n i n e h  i n  t h i s  mode l .  I f  t h e  
" p r i c e  of w a t e r "  v a r i a u l e  is endogenous  i n  t h e  m o a e l ,  t n e  
a n a l y s t  mus t  d i s t i n g u i s h  be tween  a  s u p p l y  r e l a t i o n s n i p  and  a  
uemana r e l a t i o n s h i p .  
I n  g e n e r a l ,  a n  e q u a t i o n  i s  i a e n t i f i e d  ~ y  e x c l u d i n q  
p r e a e t e r m i n e d  v a r i a ~ l e s  from t n e  e q u a t i o n  wnich a r e  inclucied 
i n  t n e  c o m p l e t e  mouel .  I n  t h i s  example  oi- t h e  b u t c n  p a p e r  
i n u u s t r y ,  t h e  e x c l u s i o n  o f  p r e d e t e r m i n e d  v a r i a b l e s  Lrom t h e  
uemanu f u n c t i o n  is  a i f r i c u l t  Decause  t h e r e  a r e  no u a t a  on 
p r e d e t e r m i n e d  v a r i a b l e s  wnicn b e l o n g  to t h e  s u p g l y  
r e i a t i o n s n i p  wnicn a r e  n o t  a l r e a d y  i n c l u d e d  i n  t h e  aemana 
r e l a t i o n s h i p .  Ginn e t  a 1  i d e n t i f y  t n e  i n u u s t r i a l  wa t e r  
demanu f u n c t i o n  i n  t h e i r  model by  a s sumi ng  t h a t  t h e  p r i c e  
v a r i a ~ l e  i s  ex o g en o u s  t o  t n e  moae l .  T h e i r  s y s t e m  o f  
e q u a t i o n s  ~ eco r r i e s  r e c u r s i v e  and  t h u s  i d e n t i f i e d .  The 
i d e n t ~ t i c a t i o n  of  t h e  i n d u s t r i a l  w a t e r  demand f u n c t i o n  r e s t s  
upon t n i s  a s s u m p t i o n .  
Ocon o m is t s  f r e q u e n t l y  assume t h a t  t h e  demand f u n c t i o n  
h a s  been  e s t i m a t e d  when t h e  c o e f f i c i e n t  on  t h e  p r i c e  
v a r i a b l e  is  n e g a t i v e .  T h i s  example  o f  t h e  Dutch p a p e r  
i n d u s t r y  i l l u s t r a t e c  t h e  a i t f i c u l t y  w i t h  t h i s  p r e s u m p t i o n  i n  
t h e  e s t i m a t i o n  of i n d u s t r i a l  w a t e r  demand f u n c t i o n s .  These  
p l a n t s  p u r c h a s e  w a t e r  f rom l o c a l  w a t e r  a u t h o r i t i e s ,  b u t  t h e  
m a r g i n a l  c o s t s  o t  u s i n g  w a t e r  a r e  p a r t l y  d e t e r m i n e d  w i t h i n  
t h e  p l a n t .  Water  is  i n  some r e s p e c t s  a  s e l f - s u p p l i e d  t a c t o r  
i n p u t .  A s  p r e v i o u s l y  d i s c u s s e d ,  t h e  m a r g i n a l  c o s t s  t o  
s o c i e t y  o f  s u 2 p l y i n g  w a t e r  t o  u s e r s  is c u r r e n t l y  i n c r e a s i n g  
i n  many c o u n t r i e s .  ' i 'nis is r a r e l y ,  howeve r ,  r e f l e c t e d  i n  
t n e  m a r g i n a l  c o s t s  wnicn  an  i n d u s t r i a l  p l a n t  f a c e s  i n  i t s  
u s e  o f  w a t e r .  l'ne p a p e r  p l a n t s  i n  t h i s  sam?le ,  Lor 
i n s t a n c e ,  a r e  m o s t  p r o b a b l y  o p e r a t i n g  on t h e  uownwaru 
s l o p i n g  2 o r t i o n  o t  t n e i r  m a r g i n a l  c o s t  c u r v e  f o r  u s i n g  
w a t e r .  T h i s  s i m p l y  means t h a t  t h e r e  a r e  e conomi es  oi- s c a l e  
i n  t n e  u se  o i  w a t e r ;  t n e  inore w a t e r  a  f a c i l i t y  u s e s ,  t h e  
l owe r  t h e  m a r g i n a l  c o s t  p e r  u n i t .  
 he d i f f i c u l t y  t n i s  c r e a t e s  f o r  i d e n t i f y i n g  t h e  demand 
t u n c t i o n  f o r  w a t e r  f o r  p a p e r  p l a n t s  i n  o u r  s amp l e  is 
i l l u s t r a t e d  i n  F i g u r e  7 anu F i g u r e  8.  F i g u r e  8 i l l u s t r a t e s  
t h e  c a s e  i n  which  t h e  r e g r e s s i o n  model  e s t i m a t e s  t h e  s u p p l y  
r e l a t i o n s h i p - - t h e  more w a t e r  a  f a c i l i t y  u s e s ,  t h e  l ower  t h e  
m a r g i n a l  c o s t  o f  w a t e r .  The s h i f t i n g  demand f u n c t i o n s  f o r  
t h e  d i f f e r e n t  p l a n t s  t r a c e  o u t  t h e  downwara s l o p i n g  m a r g i n a l  
c o s t  c u r v e .  I n  F i g u r e  7 t h e  r e g r e s s i o n  model  e s t i m a t e s  t n e  
d e s i r e d  demand r e l a t i o n s h i p .  The s h i f t i n g  s u p p l y  f u n c t i o n s  
f o r  t h e  d i f f e r e n t  p l a n t s  t r a c e  o u t  t h e  downwaru s l o p i n g  
demand c u r v e - - t h e  h i g h e r  t n e  m a r g i n a l  c o s t s  o f  w a t e r  u s e ,  
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t h e  l e s s  waker demanded by t h e  p l a n t .  Un les s  t h e  demand 
f dnc t i on  can be p r o p e r l y  i d e n t i f i e d  , t h e  a n a l y s t  c a n n o t  
d i s t i n g u i s h  between t h e s e  two c a s e s .  
S e v e r a l  a a u i t i o n a l  a s p e c t s  of t h i s  model s h o u l d  be 
n o t e d .  F i r s t ,  t h e r e  is no t e rm f o r  t h e  p r i c e s  o f  o t h e r  
i n p u t  f a c t o r s  because  t h e s e  d a t a  were n o t  a v a i l a b l e .  T h i s  
s p e c i f i c a t i o n  e r r o r  w i l l  l e a d  t o  b i a s e d  e s t i m a t e s  o f  t h e  
c o e f f i c i e n t s  i f  f a c t o r  i n p u t  p r i c e s  v a r y  a c r o s s  t h e  sample  
and if t h e y  i n f l u e n c e  w a t e r  i n t a k e .  T h i s  is  n o t  a n t i c i p a t e d  
t o  be a  major problem, however,  b e c a u s e  t h e  d a t a  a r e  from a  
r e l a t i v e l y  s m a l l ,  homogeneous r e g i o n  and t h e  p r i c e s  o f  such  
i n p u t s  a s  e n e r g y ,  l a b o r ,  and c a p i t a l  would n o t  be  e x p e c t e d  
t o  va ry  s i g n i f i c a n t l y  Detween p l a n t s  a t  a  g i v e n  t i m e .  
Second,  o n l y  water  i n t a k e  p e r  u n i t  of o u t p u t  is b e i n g  
moueled; n o t n i n g  is s a i d  a b o u t  t h e  r e l a t i o n s h i p  between 
i n t a k e ,  water  consumpt ion ,  d i s c h a r g e ,  anu g r o s s  wa te r  u s e .  
I n  t h i s  sample ,  g r o s s  water  u s e  e q u a l s  wa te r  i n t a k e  i n  18  of 
ehe 2 2  p l a n t s ;  i t  i s  t h u s  n o t  p o s s i b l e  t o  e s t i m a t e  a  
r e l a t i o n s n i p  between t n e  two w i t n  t n i s  d a t a  s e t .  
Marginal Costs 
to the p l a n t  
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Yhiru, da ta  t o r  the  "p r i ce  of water" va r i ab le  a re  
a c t u a l l y  e s t i m a t e ~  a s  the average c o s t  t o  the  p l a n t  of 
w l  thdrawing one c u ~ i c  meter o i  water--including pumping 
c o s t s ,  intake charges,  water intake ana wastewater treatment 
c o s t s ,  aria e t i l u e n t  charges--ratner than a s  ~nargina l  cos t s .  
'To tkle ex ten t  t h a t  the re  a re  s i g n i f i c a n t  economies o i  s c a l e  
i n  the use or d a t e r ,  trlis problem w i l l  r e s u l t  i n  the 
escimatea p r i c e  e l a s t i c i t i e s  of demand tor  water ~ e i n g  
biased upwaru. Fioreover, i t  t ne  average c o s t s  of u s i n g  water 
a r e  s g e c i i i e a  a s  an endogenous va r i ab le  i n  tne  inoael, then a  
s imul tanei ty  problem may a r i s e ,  and ordinary l e a s t  squares 
techniques w i l l  y i e l d  biased and incons i s t en t  es t imates .  
' i n i s  proolem is not aduressea i n  the  es t imat ion .  
Pourtn, t h e  va r i ab les  'I?, Ty, and Pr a re  a l l  dummy 
var i ab les .  Technology T anu type of production process Ty 
can each take th ree  va lues ,  and t h u s  each requ i res  the 
es t imat ion  of two regress ion  c o e f f i c i e n t s .  The sample of 
p l a n t s  is a l s o  categorized by f i v e  p r i n c i p a l  product types.  
'Zen of the 22 p l a n t s  a r e ,  nowever, product type " spec ia l  
Gaper ana b o a r d " ,  s o  two c a t e g o r i e s  f o r  t n e  e s t i m a t i o n  were 
c r e a t e a :  (1) s p e c i a l  paper  and b o a r d ,  ana  ( 2 )  n o t  s p e c i a l  
-
paQer anu boa ru .  Trlus, o n l y  one c o e f  t i c i e n t  needed t o  De 
e s t i r n a t e a .  r n e  e x p e c t e u  s i g n s  of t n e s e  dummy v a r i a b l e s  a r e  
n o t  c l e a r  a  p r  i o r i .   he use  of  s o  many dummy v a r i a b l e s  i s  
o b v i o u s l y  a  c o s t l y  p r a c t i c e  i n  t e r m s  of  t h e  l i m i t e d  d e g r e e s  
o f  freedom a v a i l a b l e  w i t h  s u c h  a  s m a l l  s ample ,  and d u r i n g  
che  a n a l y s i s  of t n e  u a t a  ways were e x p l o r e d  t o  r e d u c e  t h e  
nu~imer of c o e f f i c i e n t s  t o  be  e s t i m a t e d .  
l a o l e  4 ,  T a b l e  5 ,  and T a b l e  6 p r e s e n t  t h e  r e s u l t s  f o r  
t h e  t h r e e  f u n c t i o n a l  forms f o r  t n e  c a s e  i n  which a l l  t h e  
e x p l a n a t o r y  v a r i a b l e s  a r e  i n c l u d e d .  C o n s i d e r i n g  f i r s t  t h e  
E-value f o r  t h e  l i n e a r  and s e m i - l o g a r i t h m i c  f u n c t i o n a l  
fo rms ,  i t  is n o t  p o s s i b l e  t o  r e j e c t  t h e  h y p o t h e s i s  a t  t h e  
9 5 %  c o n f i d e n c e  l e v e l  t n a t  a l l  t h e  e s t i m a t e d  c o e f f i c i e n t s  = 
. The e q u a t i o n  a s  a  wnole i s  s i g n i f i c a n t  f o r  t h e  
l o g a r i t h m i c  form a t  t n e  95% c o n f i d e n c e  l e v e l  b u t  n o t  a t  t n e  
94% l e v e l .  An examina t ion  of  t h e  t - v a l u e s  t o r  t h e  
i n u i v i d u a l  c o e t f i c i e n t s  r e v e a l s  t n a t  o n l y  t h e  " p r i c e  o f  
w a t e r "  v a r i a b l e  i n  t h e  l o g - l i n e a r  form i s  s t a t i s t i c a l l y  d i f -  
e r e n t  f rom z e r o  a t  t h e  9 5 %  c o n f i d e n c e  l e v e l .  The s i g n  o f  
t h e  c o e f f i c i e n t  o f  t h e  p r i c e  o f  water h a s  t h e  e x p e c t e d  
n e g a t i v e  s i g n  i n  a l l  t h r e e  f u n c t i o n a l  fo rms .  The p e r c e n t a g e  
o f  t h e  v a r i a t i o n  i n  t h e  d a t a  e x p l a i n e d  by t h e  t h r e e  
f u n c t i o n a l  forms  improves  o v i n g  f rom l i n e a r  t o  s e m i -  
l o g a r i t h m i c  to  l o g a r i t h m i c  (Ry = -47 ;  - 5 6 :  . 6 2 ) .  
The e s t i m a t e a  c o e k r i c i e n t  f o r  o u t p u t  is i n s i g n i f i c a n t  
and c l o s e  t o  z e r o  i n  a l l  f u n c t i o n a l  fo rms .  S i m i l a r l y ,  t h e  
t - v a l u e s  f o r  t n e  dummy v a r i a ~ l e s  f o r  t y p e  of p r o d u c t i o n  
g r o c e s s  anu p r o d u c t  t y p e  a r e  r a r e l y  above  1 ana o f t e n  c l o s e  
t o  z e r o .  These v a r i a b l e s  a r e  t h u s  d ropped  from t h e  
e s t i m a t i o n .  I n  a a a i t i o n ,  t h e  l i n e a r  forms  of  t h e  e q u a t i o n  
pe r fo rm c o n s i s t a n t l y  worse t h a n  e i t h e r  t h e  s e m i - l o g a r i t h m i c  
o r  l o g a r i t h m i c  i n  t e rms  of R ~ ,  F - s t a t i s t i c s ,  and t h e  t- 
v a l u e s  f o r  t h e  i n a i v i d u a l  c o e f f i c i e n t s .  
. ihe  r e s u l t s  f o r  t h e  f o l l o w i n g  e q u a t i o n ,  p r e s e n t e d  i n  
T a b l e  7 ,  a r e  c o n s i d e r e d  t h e  b e s t  of t n e  a n a l y s i s  i n  terms of  
t h e  t e s t  s t a t i s t i c s :  
'Yhe e q u a t i o n  a s  a  whole is s i g n i f i c a n t  a t  t h e  99% 
l e v e l .  Each of  t h e  c o e f f i c i e n t s  i s  s i g n i t i c a n t  a t  t h e  913% 
l e v e l ;  t n e  c o e f t i c i e n t  on the " p r i c e  o f  w a t e r "  v a r i a b l e  is  
s i g n i L i c a n t l y  d i r f e r e n t  from z e r o  a t  t h e  93% l e v e l .  
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I f  t n e  e s t i m a t e d  r e l a t i o n s h i p  i s ,  i n  f a c t ,  t h e  d e s i r e d  
aemand f u n c t i o n  f o r  w a t e r  i n t a k e ,  t h e  e s t i m a t e d  e l a s t i c i t y  
o f  i n t a k e  w a t e r  p e r  u n i t  o f  o u t p u t  w i t h  r e s p e c t  t o  t n e  
" p r i c e  of  w a t e r "  ( a v e r a g e  c o s t s  o f  u s i n g  w a t e r  w i t h a r a w a l s )  
i s  - . 5 4 .  A p r i o r i  t h i s  would be  c o n s i d e r e d  a  v e r y  
r e a s o n a b l e  r e s u l t .  I t  seems u n l i k e l y  t h a t  e c o n o m i e s  o f  
s c a l e  i n  t h e  c o s t s  o f  u s i n g  w a t e r  c o u l d  b e  l a r g e  e n o u g h  t o  
a c c o u n t  f o r  a n  i n v e r s e  r e l a t i o n s h i p  be tween  c o s t s  o f  u s i n g  
w a t e r  and t h e  q u a n t i t y  o f  w a t e r  which  i s  t n i s  s i g n i f i c a n t .  
N e v e r t h e i e s s ,  t h e  demand c u r v e  i s  n o t  i d e n t i f i e a ,  a n u  t h i s  
t y p e  o f  r e s u l t  s n o u l d  b e  u s e d  c a u t i o u s l y .  A d d i t i o n a l  d a t a  
a r e  r e q u i r e a  i n  o r d e r  t o  u n a e r s t a n a  t h e  p l a n t s '  c o s t s  o i  
w a t e r  u s e  and t o  i n t e r p r e t  t h e  p r i c e - q u a n t i t y  s n i f t s  i n  t n e  
d a t a .  Even i f  t h e  e s t i m a t e d  r e l a t i o n s h i p  i s  t n e  u e s i r e d  
demand f u n c t i o n ,  h o w e v e r ,  t n e  r e s u l t s  i n d i c a t e  t h a t  t h e r e  
a r e  s u b s t a n t i a l  v a r i a t i o n s  i n  I W / Q  ~ e t w e e n  p l a n t s  wnich  a r e  
n o t  e x p l a i n e u  by t n i s  s i m p l e  r e g r e s s i o n  m o a e l .  
3 . 3  E n g i n e e r i n g - E c o n o m i c  Models  o f  I n a u s t r i a l  w a t e r  Use 
- - - -- - -- 
j t a t i s t i c a l  m o d e l s  o f  i n d u s t r i a l  w a t e r  u s e  e s t i m a t e  t h e  
2 a r a m e t e r s  a s s o c i a t e d  w i t h  v a r i a b l e s  w h i c h  a r e  r e l a t e d  by 
r e l a t i v e l y  s i m p l e  f u n c t i o n a l  f o r m s .  ' Ine  s t a t i s t i c a l  m o d e l s  
a o  n o t  e x p l a i n  - how o r  wny t h e  w a t e r  is u s e d  i n  t h e  
i n d u s t r i a l  p l a n t .  The t e c h n o l o g i c a l  a s p e c t s  o f  w a t e r  u s e  
w i t h i n  t h e  p l a n t  a r e  i n  a s e n s e  a  P l a c k  box a b s t r a c t l y  
r e p r e s e n t e d  by t h e  functional f o r m  r e l a t i n g  t h e  v a r i a b l e s  
a n d  t n e  e s t i m a t e d  c o e f f i c i e n t s .  
A s e c o n a  a p p r o a c h  t o  m o d e l i n g  w a t e r  u s e  i s  t o  a c t u a l l y  
a n a l y z e  t h e  e n g i n e e r i n g  d e t a i l s  o f  u s i n g  w a t e r - - % h a t  
p u r p o s e s  i t  s e r v e s ,  w h e r e  i t  g o e s ,  how c a n  i t  b e  c h a n g e d  
t e c h n i c a l l y ,  and how much s u c h  c h a n g e s  c o s t .  W e  r e f e r  t o  
t h i s  s e c o n a  a p p r o a c h  t o  m o d e l i n g  w a t e r  u s e  a s  e n g i n e e r i n g -  
e c o n o m i c .  We d i s c u s s  two m e t h o d s  o f  u s i n g  s u c h  a n  
e n g i n e e r  i n g - e c o n o m i c  a p p r o a c h  : (1) p r o c e s s  e n g i n e e r i n g  a n a  
( 2 )  l i n e a r  p rogramming .  
3 . 3 . 1  P r o c e s s  - E n g i n e e r i n g  
'l 'he p r o c e s s  e n g i n e e r i n g  a p p r o a c h  t o  m o d e l i n g  i n o u s t r i a l  
w a t e r  u s e  is  t o  f i r s t  i u e n t i f y  t h e  t e c n n o l o g i c a l  o p t i o n s  
o p e n  f o r  c h a n g i n g  e x i s c l n y  water u s e  p a t t e r n s  i n  t n e  p l a n t  
a n o  t h e n  t o  e s t i m a t e  t n e  e n g i n e e r i n g  c o s t s  o f  making s u c n  
c n a n g e s .  t h e  n e x t  s tep  i s  t o  d e t e r m i n e  w h e t n e r  t h e  s a v i n g s  
i n  w a t e r  u s e  a n a  w a s t e w a t e r  d i s c n a r g e  c o s t s  l u s t i f y  t h e  
i n c r e a s e u  c o s t s  a s s o c i a t e d  w i t n  maKing t n e  c h a n g e .  I f  t n e  
p r i c e  o f  w a t e r  w i t n a r a w a l s  i n c r e a s e s ,  t n e  q u e s t i o n  is 
w n e t n e r  i t  is c h e a p e r  t o  c o n t i n u e  u s i n g  t h e  same amount  o f  
wate r  and pay t h e  i n c r e a s e d  p r i c e  o r  t o  spend  t h e  f u n d s  t o  
r e d u c e  wa te r  u sage .  A l t e r n a t i v e l y ,  i f  p o l l u t i o n  c o n t r o l  
r e q u i r e m e n t s  a r e  imposeu, t h e  problem is  whetner  t o  pay a n  
e f f l u e n t  t a x ,  o r  t o  t r e a t  t h e  c u r r e n t  f l o w s  t o  meet  t h e  
s t a n d a r d s ,  o r  t o  r e d u c e  t h e  f l o w s  and w a s t e l o a d  and t r e a t  
t h e  remainoer  . The e n g i n e e r  must  d e t e r m i n e  how f l o w s  and 
w a s t e l o a d s  c a n  be r educed ,  what d i f f e r e n t  l e v e l s  o f  
r e a u c t i o n  of  e a c h  c o s t ,  and how t h e s e  cnanges  impac t  o t h e r  
a s p e c t s  of t h e  p r o d u c t i o n  p r o c e s s .  The p r o c e s s  e n g i n e e r i n g  
method i s  t n u s  e s s e n t i a l l y  a  s e a r c h  p r o c e a u r e  o v e r  a  
p r o a u c t i o n  s u r f a c e .  Tne d e c i s i o n  r u l e  i s  t o  change  wa te r  
u se  p a t t e r n s  whenever it l o w e r s  t h e  c o s t  o f  p r o d u c i n g  t h e  
o u t p u t .  P o i n c s  on t h e  demand f u n c t i o n  f o r  wa te r  w i t h d r a w a l s  
c a n  be e s t i m a t e a  i t  t n e  e n g i n e e r  a t t e m p t s  t o  f i n d  t h e  
q u a n t i t y  of water  a s s o c i a t e d  w i t h  t h e  l e a s t  c o s t  means o f  
p r o d u c t i o n  f o r  s e v e r a l  d i f f e r e n t  p r i c e s  o f  water  
w i t h d r a w a l s .  
The n e x t  s t a g e  of t h e  p r o c e s s  e n g i n e e r i n g  a n a l y s i s  is  
t o  b roaden  t h e  scope  t o  i n c l u d e  n o t  o n l y  t h e  t e c h n i c a l  
p p t i o n s  f o r  chang ing  e x i s t i n g  water  u s e  w i t h i n  t h e  p l a n t ,  
p u t  a l s o  t h e  impact  on t h e  l e a s t  c o s t  s o l u t i o n  of  changes  i n  
t h e  p r i c e s  and q u a l i t y  of  f a c t o r  i n p u t s ,  p r o c e s s  t e c h n o l o g y ,  
and p r o d u c t  s p e c i f i c a t i o n .  The number of  p o s s i b l e  s o l u t i o n s  
q u i c k l y  becomes immense a s  t h e  number o f  f a c t o r s  c o n s i d e r e d  
i n c r e a s e s  a n a l  i f  done  c o r r e c t l y ,  the p r o c e s s  e n g i n e e r i n g  
a n a l y s i s  of wa te r  u se  and was t ewa te r  d i s c h a r g e s  r e q u i r e s  t h e  
e s t i m a t i o n  of c o s t  r e l a t i o n s h i p s  which a r e  r a r e l y  deve loped  
i n  t h e  e n g i n e e r i n g  l i t e r a t u r e .  
The p r o c e s s  e l ~ g i n e e r i n g  app roach  t o  t h e  s t u d y  o f  
i n d u s t r i a l  r e s i d u a l  management p rob lems  i s  commonly 
u t i l i z e d .  Most s t u d i e s  d o  n o t ,  however ,  c o n s i d e r  a  wide 
r a n g e  of p o s s i b l e  a l t e r n a t i v e s .  The Resources  f o r  t h e  
F u t u r e  i n d u s t r y  program conduc tea  t n r e e  s t u d i e s  whicn 
i l l u s t r a t e  t h i s  metnod: 
(1) Water Demana f o r  Steam E l e c t r i c  Generation--An 
--
bconomic P r o - l e c t i o n  Model, by Pau l  Cootner  and ~ e o r g e  
o .  LO£; 
( 2 )  The Economics of Water U t i l i z a t i o n  i n  t h e  Beet 
- -  - --
Sugar  I n u u s t r y ,  by George 0 .  L6f and A.V.  Kneese; 
( 3 )  _Res idua ls  G e n e r a t i o n  - i n - t h e  P u l p  and Paper  
I n d u s t r y ,  by  lair 2'. Bower, George 0. ~ o f y a n d  W.M. 
i i ea ron .  
3 . 3 . 2  L i n e a r  - r r o g r a m m i n p  
L i n e a r  programming t e c h n i q u e s  o f f e r  a  s y s t e i n a t i c  way o f  
o r g a n i z i n g  and a n a l y z i n g  t h e  e n g i n e e r i n g  d a t a  u s e d  i n  t h e  
p r o c e s s  e n g i n e e r i n g  a p p r o a c h  i n  o r d e r  t o  e s t i m a t e  i n d u s t r i a l  
demand f u n c t i o n s  f o r  w a t e r .  It  i s  o u t s i d e  t h e  s c o p e  o f  t h i s  
p a p e r  t o  p r e s e n t  a  d e t a i l e d  r e v i e w  o f  t h e  a p p l i c a t i o n  o f  
l i n e a r  programming m e t h o a s  t o  t h e  t h e o r y  o f  t h e  f i r m  [ 2 5 ] .  
R a t h e r  w e  b r i e f l y  r e v i e w  now a  demand f u n c t i o n  f o r  a  f a c t o r  
i n p u t  c a n  b e  d e r i v e d  b y  p a r a m e t r i c  programming f r o m  t h e  d u a l  
o f  t h e  f i r m ' s  p r o f i t  m a x i m i z a t i o n  p r o b l e m .  We t h e n  d i s c u s s  
t h e  a p p l i c a t i o n  o f  l i n e a r  programming t o  t h e  s t u d y  o f  w a t e r  
u s e  by a n  i n d u s t r i a l  f a c i l i t y  a n d  n o t e  some o f  t h e  e x i s t i n g  
work i n  t h i s  f i e l d .  
Many t e x t o o o k s  [ 3 3 ]  i l l u s t r a t e  how a  demand f u n c t i o n  
t o r  a  f a c t o r  i n p u t  c a n  be a e r i v e d  f r o m  t n e  p r o f i t  
m a x i m i z a t i o n  c o n d i t i o n s  f o r  t n e  f i r m .  I f  t h e  p r o d u c t i o n  
p r o c e s s  t e c h n o l o g i e s  c a n  b e  a d e q u a t e l y  c n a r a c t e r i z e a  a s  
c o n s t a n t  r e t u r n s  t o  s c a l e  o v e r  t n e  r e l e v a n t  r a n g e  of  
p r o d u c t i o n ,  l i n e a r  programming t e c h n i q u e s  p r o v i d e  a way t o  
p r o c e e a  f rom t h i s  a b s t r a c t  t h e o r y  o f  t h e  f i r m  t o  t h e  
e m p i r i c a l  e s t i m a t i o n  o f  demand i u n c t i o n s  f o r  f a c t o r  i n p u t s  
s u c n  as  w a t e r .  The generalizes r o r m  o f  a  l i n e a r  programming 
p r o o l e m  i s  t o  maximize  a l i n e a r  f u n c t i o n  s u b j e c t e d  t o  a se t  
o f  l i n e a r  i n e q u a l i t i e s  and  n o n n e g a t i v i t y  r e q u i r e m e n t s .  
 inea ear programming h a s  b e e n  a p p l i e d  t o  a  w i d e  v a r i e t y  o f  
i n G c s t r i a l  proSlez,s [ 2 6 ] .  I n  Lhe c o n t e x t  o f  t h e  t h e o r y  o f  
t h e  f i r m ,  t h e  o b j e c t i v e  f u n c t i o n  may b e  t o  maximize  p r o f i t s  
s u b j e c t  t o  t h e  l i n e a r  p r o d u c t i o n  a c t i v i t i e s  a n d  i n p u t  
a v a i l a b i l i t y  c o n s t r a i n t s .  The f o l l o w i n g  s i m p l e  example  is 
d e v e l o p e d  i n  numerous  m i c r o e c o n o m i c s  and l i n e a r  programming 
t e x t s  [ 2 7 ] .  
C o n s i d e r  a n  i n d u s t r i a l  p l a n t  u s i n g  two  " a c t i v i t i e s "  o r  
p r o c e s s e s  and t h r e e  i n p u t s - - c a p i t a l  K ,  l a b o r  L, a n d  w a t e r  w ,  
t o  p r o d u c e  two o u t p u t s  x , a n d  x . Assume f o r  s i m p l i c i t y  
t h a t  o n e  a c t i v i t y  p r o d u c e s  o n l y  o z e  o f  t h e  two o u t p u t s .  L e t  
a .  e q u a l  t h e  u n i t s  o f  i n p u t  i r e q u i r e d  t o  p r o d u c e  o n e  u n i t  
o ? j  o u t p u t  1, w h e r e  i n t h i s  c a s e  i = 1 , 2 , 3  a n d  j = 1 , 2 .  The 
e x p r e s s i o n  f o r  t h e  p r i m a l  p r o b l e m  is. .  . . 
Maximize  Profits = T1x1 + T x 2 2  
S u b j e c t  t o  
where rl and r a r e  p r o f i t  per  u n i t  of  o u t p u t  xl and 
r e s o u r c e s  w a t e r ,  c a  ~ t a  
"a respectively, 'anu Zi! ~ i :  anu Z' .. . a r e  g i v e n  l e v e l s  of  t e 
and ?abor . The s o l u t i o n  is  i n  
t e r m s  of t n e  o p t i m a l  l e v e l s  of o u t p u t  of  t h e  two p r o d u c t s  xl 
and x  ; t h e  n o n n e g a t i v i t y  r e s t r i c t i o n s  e n s u r e  t h a t  t h o s e  
outpug l e v e l s  a r e  n o t  less  t h a n  z e r o .  I n  m a t r i x  n o t a t i o n  
each  c o e f f i c i e n t  column i n  t h e  s e t  of  c o n s t r a i n t s  r e p r e s e n t s  
an  " a c t i v i t y "  and e a c h  row r e p r e s e n t s  t h e  r e q u i r e m e n t s  of 
a l l  a c t i v i t i e s  f o r  one r e s o u r c e ,  such  a s  w a t e r .  
For t h e  g i v e n  r e s o u r c e  a v a i l a b i l i t y  c o n s t r a i n t ,  t h e  
v a l u e  t o  t h e  f i r m  of each  f a c t o r  i n p u t  i n  t e r m s  of t h e  
o b l e c t i v e  f u n c t i o n  is  i m p l i c i t  I n  t h i s  s t a t e m e n t  of t h e  
p r o f i t  max imiza t ion  proolem. The d u a l  of t h e  p r i m a l  
problem, however,  a l l o w s  t h e  a n a l y s t  t o  s o l v e  a i r e c t l y  f o r  
chose  v a l u e s  of t n e  f a c t o r  i n p u t s ,  o r  shadow p r i c e s .  The 
a u a l  proolem i s  t n u s ;  
Minimize C o s t  = 
where p L, p  and p  a r e  t h e  snadow p r i c e s  of l a b o r ,  c a p i t a l  
ana  w a t e r ,  f e spec t ! fve ly .  The economic i n t e r p r e t a t i o n  of t h e  
o ~ j e c t i v e  f u n c t i o n  of t h e  d u a l  problem is t o  minimize t h e  
o p p o r t u n i t y  c o s t  of t n e  u s e  o f  r e s o u r c e s .  The  c o n s t r a i n t s  
r e q u i r e  t n a c  t n e  v a l u e  of  r e s o u r c e s  used i n  t h e  p r o d u c t i o n  
o t  a  u n i t  o f  o u t p u t  be g r e a t e r  t h a n  o r  e q u a l  t o  t h e  n e t  
g r o f i t  pe r  u n i t  of o u t p u t .  O tne rwise ,  p r o f i t s  c a n  be  
i n c r e a s e d  by i n c r e a s i n g  o u t p u t .  
~ h e s e  shadow p r i c e s  of  t h e  f a c t o r  i n p u t s  i n d i c a t e  t h e  
r e a l  v a l u e  t o  t h e  i n d u s t r i a l  o p e r a t i o n  i f  one  more u n i t  of  
an  i n p u t  is  a v a i l a b l e ,  o r  a l t e r n a t i v e l y  t h e  o p p o r t u n i t y  c o s t  
t o  t n e  i n d u s t r y  i f  one less  u n i t  o f  t h e  i n p u t  i s  a v a i l a b l e .  
I f  i n c r e a s i n g  t h e  q u a n t i t y  of  a  r e s o u r c e  d o e s  n o t  e f f e c t  t h e  
o b j e c t i v e  f u n c t i o n ,  t h e  r e s o u r c e  c o n s t r a i n t  is  n o t  b i n d i n g ,  
and i t s  shadow p r i c e  is  z e r o .  
For eacn amount of water ,  t h e r e  is  a  corresponding 
s o l u t i o n  of the  dua l  problem f o r  t n e  shadow p r i c e  of water .  
by s y s t e m a t i c a l l y ,  o r  "pa rame te r i ca l ly"  varying t h e  amount 
of  water a v a i l a ~ l e  and then so lv ing  t n e  dua l  problem f o r  the  
a s s o c i a t e d  shadow p r i c e  of wate r ,  we can t r a c e  ou t  a  aemana 
curve fo r  water ,  i . e . ,  a  r e l a t i o n s h i p  between the  q u a n t i t y  
of  water ana i t s  marginal b e n e f i t  t o  t h e  i n d u s t r i a l  
f a c i l i t y .  
The l i n e a r  programming framework can be e l abo ra t ed  t o  
encompass the  a s p e c t s  of i n d u s t r i a l  a c t i v i t i e s  which a r e  of 
p a r t i c u l a r  i n t e r e s t  i n  t h e  a n a l y s i s  of water use and 
environmental  problems. The b a s i c  idea  i s  t o  account f o r  
a l l  the  i npu t s  and ou tpu t s  of each column, or a c t i v i t y ,  i n  
t h e  s e t  of c o n s t r a i n t s ,  e x p l i c i t l y  including a l l  r e s i d u a l s  
of environmental i n t e r e s t ,  and a l s o  t o  include i n  t h i s  
o b l e c t i v e  func t ion  s o c i a l  c o s t s  a s soc i a t ed  with t h e  removal 
of resources  from the  environment anu u l t ima te  d i s p o s a l  i n t o  
t h e  environment of a l l  r e s i d u a l s  o i  t h e  product ion process .  
A s  g e n e r a l l y  formulated,  t h e  o b j e c t i v e  func t ion  of such a  
l i n e a r  program~ning model of an i n d u s t r i a l  f a c i l i t y  is  t o  
minimize the  c o s t s  of producing a  given l e v e l  of ou tpu t ;  
c o n s t r a i n t s  r e q u i r e  t h a t  f o r  eacn resource  or i npu t  used by 
t h e  i n d u s t r i a l  p l a n t  t h a t  t h e  t o t a l  input  t o  a l l  
" a c t i v i t i e s "  equal  t n e  amount purchased p l u s  t h e  amount 
produced wi tn in  t n e  p l a n t  p l u s  t h e  amount r e l ea sed  t o  t h e  
environment.  T h u s ,  rows of t h e  c o n s t r a i n t  matr ix  r ep re sen t  
mater l a l s  balaiice eqi;atioiis f o r  i npu t s  and ou tpu t s .  6ach 
column d e s c r i b e s  t h e  t e c h n i c a l  r e l a t i o n s h i p  between t h e  
i n p u t s  and ou tpu t s  of one a c t i v i t y .  The rnodel s e l e c t s  the  
combination of a c t i v i t i e s  which minimizes t he  t o t a l  c o s t s  
f o r  proaucing the  given ou tpu t  l e v e l .  
'the bas i c  concepts and s t r u c t u r e  of t h i s  moael, a s  we l l  
a s  t ne  f i r s t  a p p l i c a t i o n ,  were presen ted  by C l i f f o r d  Russe l l  
i n  Residuals  Manaqement i n  Industry--A Case Study of 
Petroleum Ref in inq .  Six t ypes  of a c t i v j t r e s  a r e  included in 
- - 
t h e  model: (1) proauc t ion  a l t e r n a t i b e s ;  ( 2 )  by-product 
p roduc t ion ;  ( 3 )  m a t e r i a l s  recovery;  ( 4 )  t rea tment  and 
t r a n s p o r t  of r e s i d u a l s ;  ( 5 )  d i scha rge  of r e s i d u a l s ;  and ( 6 )  
s a l e  of p roduc ts .  The c o n s t r a i n t s  r e q u i r e  t h a t  i npu t s  be 
a v a i l a b l e ,  a l l  products  produced a r e  s o l d ,  ou tpu t  meets 
s p e c i f i e d  q u a l i t y  s t a n a a r d s ,  and t h a t  a l l  r e s i d u a l s  be 
accounted fo r  by m a t e r i a l  recovery,  by-product p roduc t ion ,  
t r ea tmen t ,  o r  d i s cha rge .  Table 8 p r e s e n t s  R u s s e l l ' s  
fo rmula t ion  in  more d e t a i l .  The moue1 s t r u c t u r e  can,  of 
cou r se ,  be a l t e r e d  in  a  v a r i e t y  of ways t o  meet t h e  s p e c i f i c  
o b j e c t i v e s  of d i f f e r e n t  a n a l y s t s .  
2he primary task  in  model development is  the  
c o n s t r u c t i o n  of t h e  a c t i v i t y  v e c t o r s  which r e q u i r e s  
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Knowleage of the  m a t e r i a l  f lows throughout the  product ion 
process  and thus  eng ineer ing  a a t a  on i n p u t s  and ou tpu ts  f o r  
s p e c i f i c  process  and r e s i d u a l s  t rea tment  o p t i o n s .  Calloway 
1281 provides  a  u s e f u l  s imple i l l u s t r a t i o n  of tne  
c o n s t r u c t i o n  of such a c t i v i t y  v e c t o r s  f o r  ainmonia 
p roduc t ion .  Russe l l  p r e s e n t s  a  d e t a i l e d  account fo r  
petroleum r e i i n i n g  i n  Res idua ls  Nanaqement i n  Indus t ry  [ 2 9 J .  
I n d u s t r i a l  p rocess  modeling is a  powerful t o o l  f o r  
e s t i m a t i n g  demand curves  f o r  f a c t o r  i n p u t s  and f o r  analyzing 
t h e  gene ra t i on  ana d i s p o s a l  of r e s i d u a l s .  I t  provides  a  
means t o  e s t ima te  s e p a r a t e  demand f u n c t i o n s  f o r  water 
wi thdrawals ,  water consumption, water d i s cha rge ,  and waste 
u i s p o s a l  r i g h t s .  Never tne less ,  i n  a d d i t i o n  t o  t he  usual  
1 i m i t a t i o n s  of l i n e a r  programming such a s  l i n e a r  
approximat ions  of non l inear  r e l a t i o n s h i p s ,  a  few words of 
c a u t i o n  a r e  necessary .  
The f i r s t  concerns  t he  t r ea tmen t  of  c a p i t a l .  One of 
t h e  p r i n c i p a l  resource  i n p u t s  t o  product ion processes  is 
obvious ly  the  c a p i t a l  necessary  t o  purchase t h e  equipment. 
Th is  c a p i t a l  equipment m u s t  be pa id  f o r  and dep rec i a t ed .  
The usual  p r a c t i c e  f o r  handl ing c a p i t a l  c o s t s  i n  t h e  model 
i s  t o  annua l ize  t h e  c a p i t a l  c o s t s  and c a l c u l a t e  a  c a p i t a l  
c o s t  per u n i t  of o u t p u t  based upon t h e  annual ou tpu t  of tne  
p l a n t .  The a n n u a l i z a t i o n  f a c t o r ,  however, t ends  t o  be 
simply a  r u l e  of thumb. The r e a l  c o s t  of c a p i t a l  t o  a  f i rm  
o r  p l a n t  and t h e  a p p r o p r i a t e  d e p r e c i a t i o n  r a t e  t o r  t he  
c a p i t a l  a r e  o f t e n  V E i Y  c l i f t i c u l t  t o  aeteriiiino. Sotn c.zn 
vary  s i g n i l i c a n t l y  between p l a n t s  and between countries due 
t o  such f a c t o r s  a s  imper fec t  c a p i t a l  markets ,  d i i f e r e n t  
e x p e c t a t i o n s  about i n £  l a t i o n ,  , a n d  d i f f e r e n t  tax  
arrangements.  Unior tuna te ly ,  t h e  r e s u l t s  of  such mouels a r e  
o r t e n  s e n s i t i v e  t o  v a r i a t i o n s  i n  c a p i t a l  c o s t s  wel l  wi th in  
t h e  margin of e r r o r  of t h e  annua l i za t i on  f a c t o r .  
'The t rea tment  of  c a p i t a l  i n  t n e  model is f u r t n e r  
complicated i n  market economies because even i f  t h e  c o s t  of  
c a p i t a l  t o  t h e  f i rm  can be approximated by t h e  r e a l  market 
r a t e  of i n t e r e s t  f o r  d i f f e r e n t  c l a s s e s  of c r e d i t  r i s k ,  t h e  
market r a t e  of i n t e r e s t  cannot  s e rve  a s  an approximation of 
t h e  s o c i a l  oppor tun i ty  c o s t  of c a p i t a l  or t h e  s o c i a l  r a t e  of 
d i s c o u n t .  I f  t he  purpose of  aeve lop ing  such models is t o  
e x p l a i n  t he  behavior of i n d u s t r i a l  p l a n t s ,  then an 
examination of c a p i t a l  markets  and tax  p o l i c i e s  a t  l e a s t  
l e a d s  t h e  a n a l y s t  toward t h e  a p p r o p r i a t e  annua l i za t i on  
f a c t o r .  I f  t he  purpose of t n e  a n a l y s i s ,  nowever, 1s t o  
p rov ide  a  b a s i s  f o r  making recommendations concerning water 
r e sou rces  or  environmental  management p o l i c y ,  t h e  wel fa re  
s i y n i f i c a n c e  of t h e  model r e s u l t s  is unclear  un l e s s  c a p i t a l  
i s  valued a t  i t s  s o c i a l  oppor tun i ty  c o s t .  Of cou r se ,  any 
o t n e r  f a c t o r  i n p u t s  purchased i n  markets  shoula  a l s o  be 
a s s e s s e d  a t  t h e i r  s o c i a l  v a l u e  and n o t  t h e i r  marke t  p r i c e s .  
The -- second p o i n t  c o n c e r n s  t h e  a i f f i c u l t y  o f  a p p l y i n g  
t h e  model t o  e x i s t i n g  f a c i l i t i e s .  Tne m a j o r i t y  o f  model 
a p p l i c a t i o n s  t o  d a t e  a r e  f o r  new " g r a s s r o o t s "  f a c i l i t i e s .  
I n  t h i s  c a s e  t h e  model se lec ts  t h e  o p t i m a l  l e v e l s  o f  t h e  
a c t i v i t i e s  assuming a  new p l a n t  i s  t o  be d e s i g n e d  and a l l  
p o s s i b i l i t i e s  a r e  open .  I f  t h e  model ing  a p p r o a c h  i s  a d a p t e d  
t o  a n  e x i s t i n g  f a c i l i t y ,  t h e  o p t i o n s  a r e  more l i m i t e a .  The 
c o s t s  of c o n t i n u i n g  t o  o p e r a t e  e x i s t i n g  equipment  may be 
v e r y  d i f f e r e n t  t h a n  f o r  new f a c i l i t i e s .  The model can 
r e f l e c t  such  c o n s i a e r a t i o n s ,  b u t  d a t a  on t h e  economic  v a l u e  
o t  e x i s t i n g  c a p l t a l  can  be  v e r y  d i f f i c u l t  t o  o b t a i n  and a r e  
s u b l e c t  t o  s e r i o u s  measurement p r o ~ l e m s .  
.l'he t n i r d  p o i n t  i s  t h a t  t h e  m i n i m i z a t i o n  of t o t a l  c o s t s  
t o r  p roduc ing  a  g i v e n  o u t p u t  a e t e r m i n e s  o n l y  o n e  p o i n t  on 
t n e  f l r m ' s  t o t a l  c o s t  f u n c t i o n .   his a o e s  n o t ,  o f  c o u r s e ,  
y i e l a  t n e  o p t i m a l  s o l u t l o n  f o r  t h e  f i r m  u n l e s s  t n e  minimum 
c o s t  s o l u t i o n  f o r  t h e  g i v e n  o u t p u t  a l s o  maximizes  p r o f i t  t o  
t n e  f i r m .  Tne problem o f  t h e  f i r m  is  t o  d e t e r m i n e  t h e  
minimuln c o s t  of p roduc ing  e v e r y  l e v e l  o f  o u t p u t  and t h e n ,  
g i v e n  t n i s  t o t a l  c o s t  f u n c t i o n ,  d e t e r m i n e  t h e  o p t i m a l  l e v e l  
o f  o u t p u t .  Thus,  i t  t h i s  c o s t  m i n i m i z a t i o n  o b j e c t i v e  
f u n c t i o n  i s  u s e d ,  t n e  a n a l y s t  must  e i t h e r  e x p l o r e  t h e  
p r o f i t a b i l i t y  o f  a l t e r n a t i v e  l e v e l s  o f  o u t p u t  o r  v e r y  
c a r e f u l l y  se lec t  t h e  i n i t i a l  l e v e l  o f  o u t p u t .  The 
a s sumpt ion  g e n e r a l l y  made is t h a t  t h e  s i z e  o f  t h e  most  
r e c e n t l y  b u i l t  p l a n t s  i n  t h e  i n d u s t r y  is  o p t i m a l .  T h i s  is  
r e a s o n a b l e ,  b u t  t n e  o p t i m a l  s i z e  of p l a n t s  i n  an  i n d u s t r y  
d o e s  change  o v e r  t i m e ,  between l o c a t i o n s ,  and  from one 
p r o d u c t i o n  p r o c e s s  t o  a n o t h e r .  When t h e  model c o e f f i c i e n t s  
a r e  u n i t i z e d  t o  r e f l e c t  t h e  i n p u t s  r e q u i r e d  t o  p r o d u c e  one 
u n i t  of f i n a l  o u t p u t ,  t h e  a n a l y s t  must be  v e r y  c a r e f u l  t h a t  
t h e  a g g r e g a t i o n  of t n e  r e s u l t s  t o  t h e  l e v e l  o f  t h e  p l a n t  
d o e s  n o t  v i o l a t e  t h e  e n g i n e e r i n g  a s s u m p t i o n s  i m p l i c i t  i n  t h e  
o r i g i n a l  d e t e r m i n a t i o n  of  t h e  c o e f f i c i e n t s .  
& ' i n a l l y ,  t n e  model o p t i m i z a t i o n  a t t e m p t s  t o  e x p l a i n  
wnat s h o u l d  nappen g i v e n  t h e  a s sumpt ion  and d a t a  l i m i t a t i o n s  
if t h e  p l a n t  min imizes  c o s t  o r  maximizes p r o f i t s .  The model 
-
c a n n o t  e x p l a i n  wnat w i l l  nappen i f  t h e  p l a n t  owners  o r  
managers  c a n n o t  c o m p e t e n t l y  a c h i e v e  t h e i r  o b j e c t i v e  o r  i f  
t h e y  p u r s u e  o t n e r  o b j e c t i v e s .  Thus,  moue1 v e r i f i c a t i o n  c a n  
be v e r y  d i f f i c u l t .  
It i s  f e l t ,  however ,  t h a t  l i n e a r  programming methods o f  
es t i i n a t i n g  i n d u s t r i a l  wa te r  demand f u n c t i o n s  have 
s i g n i f i c a n t  p o t e n t i a l  f o r  u se  i n  water  r e s o u r c e s  p l a n n i n g .  
I n a e e d ,  a  l imitea numuer of i n d u s t r i a l  a p p l i c a t i o n s  a l r e a d y  
e x i s t .  I n  t h e  Un i t ea  S t a t e s ,  work i n  t h i s  a r e a  o f  
i n a u s t r  i a l  p r o c e s s  model ing  f o r  t h e  a n a l y s i s  o f  
e n v i r o n s e n t a l  a n d  e n e r g y  i s s u e s  h a s  b e e n  c a r r i e d  o u t  o y  two 
g r o u p s :  R e s o u r c e s  f o r  t n e  F u t u r e  ( C .  R u s s e l l  a n d  J .  Vaugnn)  
a n a  t n e  U n i v e r s i t y  o f  H o u s t o n  ( d u s s e i l  G.  Tnompson e t  a l . )  . 
I n d u s t r i a l  p l a n t s  i n  t n e  L o l l o w i n g  i n d u s t r i e s  n a v e  n e e n  
m o d e l e u :  p e t r o l e u m  r e r l n l n g ;  i r o n  a n a  s t e e l ;  e l e c t r i c  p o d e r  
g e n e r a ~ i o n ;  ammonia ;  c n l o r - a l k a l i ;  a l k a l i ;  a n a  e t h y l e n e .  
k ' i g u r e  3 ,  F i g u r e  l w ,  F i g u r e  11, a n u  F i g u r e  1 2  p r e s e n t  some 
s a ~ n p l z s  of w a c e r  aemanir c u r v e s  c l e v e l o p e d  by  the U n i v e r s i t y  
of  d o u s t o n  p r o j e c t .  
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4 Use o f  Water  Demanu F u n c t i o n s  f o r  F o r e c a s t i n q  Water  Use 
- --- -- - 
L i n e a r  programming t e c h n i q u e s  c a n  t h u s  o e  u t i l i z e d  t o  
e s t i m a t e  demanu c u r v e s  f o r  w a t e r  f o r  i n d u s t r i a l  f a c i l i t i e s  
o r  r e p r e s e n t a t i v e  p l a n t s .  -1'ne u s e  o f  t h e s e  p l a n t  l e v e l  
ueinanu c u r v e s  f o r  f o r e c a s t i n g  w a t e r  u s e  i s  a  s t r a i g h t  
i o r w a r u  a p p l i c a t i o n  o f  m i c r o e c o n o m i c  t h e o r y ,  a s s u m i n g  f i r m s  
a r e  p r i c e  t a k e r s .  A s  n o t e d  i n  t h e  i n t r o d u c t i o n ,  we w a n t  t o  
p r o j e c t  t h e  s n i r t s  o v e r  t i i n e  i n  t h e  s u p p l y  a n d  demand 
i u n c t i o n s ,  anu  t h e n  s o l v e  f o r  t n e  s u p p l y  ' a n u  demand 
e q u i i i o r i u r n  i n  e a c n  p e r i o a .  The a n a l y s t  w i l l  h o p e f u l l y  h a v e  
i n f o r m a t i o n  on  p r o j e c t e a  c n a n g e s  i n  s e v e r a l  t y p e s  o f  
v a r i a b l e s  on whicn t o  b a s e  h i s  f o r e c a s t  o f  w a t e r  u s e .  T h e s e  
i n c l u d e  p r o j e c t i o n s  o f  economic  g r o w t h ,  c n a n g e s  i n  
g o v e r n m e n t  p o l i c y  s u c h  a s  t h e  i m p o s i t i o n  o f  i n c r e a s i n g l y  
s t r i n g e n t  w a t e r  p o l l u t i o n  a b a t e m e n t  r e q u i r e m e n t s ,  e s t i m a t e s  
o f  t n e  f u t u r e  c o s t s  of  p r o v i d i n g  a d u i t i o n a l  w a t e r  s u p p l i e s ,  
c n a n g e s  i n  f a c t o r  i n p u t  a v a i l a b i l i t y  a n d  p r i c e s ,  a n t i c i p a t e d  
c h a n g e s  i n  p r o a u c t  s p e c i f i c a t i o n  a n d  p r o d u c t  m i x ,  and 
c h a n g e s  i n  p r o c e s s  and w a s t e  t r e a t m e n t  t e c h n o l o g i e s  [ 3 8 ]  . 
Assume t he  a n a l y s t  knows t h e  c o s t s  o f  p r o v i d i n g  
a d d i t i o n a l  w a t e r ,  and  t h u s  knows t n e  s u p p l y  c u r v e  f o r  t h e  
r e g i o n .  Assume f o r  s i m p l i c i t y  t h a t  t h e  c o s t  o f  p r o v i d i n g  
water i s  t h e  same f o r  a l l  u s e r s  i n  t h e  r e g i o n .  T h i s  i s  
r e l a t i v e l y  r e a l i s t i c  i f  w e  a re  c o n s i d e r i n g  a d d i n g  a d d i t i o n a l  
r e s e r v o i r  c a p a c i t y  u p s t r e a m  f r o m  a  number o f  u s e r s  
c o n c e n t r a t e d  i n  o n e  a r e a  a n d  t h e  d e l i v e r y  c o s t s  o f  t h e  water 
s u p p l i e s  a r e  t n e  same f o r  a l l  u s e r s .  We a l s o  a s s u m e  t h a t  
t h e  r e a l  c o s t s  o f  s u p p l y i n g  w a t e r  t o  t h e  i n t a k e  o f  t h e  u s e r s  
r e m a i n  c o n s t a n t  o v e r  t h e  p e r i o d  o f  p r o j e c t i o n ,  i . e . ,  t h a t  
t h e  s u p p l y  c u r v e  d o e s  n o t  s n i f t  downward t o  t h e  r i g h t  a u e  t o  
i m p r o v e m e n t s  I n  t h e  t e c h n o l o g y  o f  s u p ~ l y i n g  w a t e r .  We t h u s  
h a v e  a  s u p p l y  c u r v e  f o r  a r i v e r  b a s i n  o r  r e g i o n  w h i c h  w i l l  
l i k e l y  i n c r e a s e  s h a r p l y  a f t e r  e a s i l y  a v a i l a b l e  r e s o u r c e s  a r e  
e x h a u s t e d  anir a u u i t i o r l a l  s u p p i i e s  Decome i n c r e a s i n g l y  c o s t l y  
t o  o b t a i n  (see P i g u r e  1 3 )  
The a n a l y s t ' s  t a s k  is  t o  p r o j e c t  t h e  i n d i v i d u a l  demand 
c u r v e s  (D , D2,. . .DL i n  the  F i g u r e  1 3 ,  o r d e r e d  f r o m  s m a l l e s t  
t o  l a r g e s t ) ,  t o  aud t o g e t h e r  t h e  demands  o f  a l l  t n e  u s e r s ,  
a n a  t n e n  t o  compare  t n e  t o t a l  r e g i o n a l  demands  w i t n  t n e  
r e g i o n a l  s u p p l i e s  [ 2 7 ]  . l ine demand c u r v e s  o f  d i f f e r e n t  
i n u u s t r i a l  i a c i l i t i e s  a r e  added h o r i z o n t a l l y  t o  o b t a i n  t h e  
t o t a l  i n a u s t r i a l  demand f o r  t h e  r e g i o n .  For  e x a m p l e ,  
c o n s i d e r  t h e  s i t u a t i o n  i n  which  a t  p r i c e  p l f  i n d u s t r i a l  
p l a n t  A demands  Q p l a n t  B demands Q and p l a n t  C demands  
Q -  (see F i g u r e  q 4 ) .  ?f t h e s e  were t h e  o n l y  
t d r e e  u s e r s ,  t h e  r e g i o n a l  i n d u s t r i a l  demand a t  p r i c e  p l  
~ o u l d  b e  Q1 + d 2  + Q . By v a r y i n g  t n e  p r i c e ,  w e  c a n  t r a c e  
o u t  t h e  r e g i o n a l  i n d u z t r i a l  demand c u r v e .  
S u p p o s e  t h e  a n a l y s t  w a n t s  t o  p r o j e c t  w a t e r  u s e  1 0  y e a r s  
a h e a d .  H e  c a n  e a s i l y  i n c o r p o r a t e  h i s  p r o j e c t i o n s  o f  water 
Marginal cost 
of supplying 
water  
r 
Q u a n t i t y  of wate r  
po l iuc ion  a ~ a t e m e n t  requirements by so lv ing  t h e  l i n e a r  
proyr amrning moue1 fo r  each r e p r e s e n t a t i v e  p l a n t  s u b j e c t  to  
the  c o n s t r a i n t  t n a t  wastewater d i s cha rges  meet c e r t a i n  
s t a n d a r d s ,  and thus  t r a c e  o u t  a  new demand curve f o r  water .  
. T h i s  is the  demanu curve fo r  water which would e x i s t  given 
c u r r e n t  technology i f  t h e  p ro j ec t ed  p o l l u t i o n  abatement 
requirements  were now enforced .  
'I'he next  s t e p  i n  t he  a n a l y s i s  is  t o  i nco rpo ra t e  the  
2 r o j e c t i o n  of economic growtn. ,the p r o j e c t i o n  of economic 
growtn m u s t  be d i saggrega ted  t o  tne  l e v e l  of t h e  model or 
r e p r e s e n t a t i v e  p l a n t s  fo r  each indus t ry .  $or example, 
suppose s t e e l  product ion is f o r e c a s t  t o  double i n  1 b  yea r s .  
I f  t h e  a n a l y s t  only  has a  LP model of one type of i ron  and 
s t e e l  f a c i l i t y ,  he w i l l  probably be forced t o  e s t ima te  tne  
demand curve for  t he  s t e e l  i n d u s t r y  i n  t h e  region a t  t + 1 D  
by siinply s c a l i n g  up the  water demana curve o t  t h e  ~nouel 
2 l a n t .  I n  o the r  worGs, t h e  a n a l y s t  c a l c u l a t e s  a  f i g u r e  Lor 
weter use a t  t he  noaei  p l a n t  fo r  each g r l c e  of water .  Since 
he knows t h e  ou tpu t  of t he  nouel  p l a n t ,  ne can c a l c u l a t e  the  
water use per ton of s t e e l  production r o r  each p r i c e  of 
water .  To e s t i m a t e  the  demand curve f o r  t n e  t o t a l  
industrial proauc t lon  in  tne  region a t  t + l d ,  t ne  a n a l y s t  
m u l t i p l i e s  cne water use per ton of p rouuc t ion  c o e i t i c i e n t  
by t h e  p r o j e c t e a  outpuc f o r  each p r i c e  of water .  
Quantity of water 
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I f  more t h a n  one r e p r e s e n t a t i v e  p l a n t  model e x i s t s  and 
p r o j e c t i o n  of o u t p u t  a t  t + 1 8  c a n  be d i v i d e d  between t h e s e  
two t y p e s  of f a c i l i t i e s ,  t h e n  t h e  r e g i o n a l  aemand c u r v e  f o r  
e a c h  t y p e  c a n  be e s t i m a t e d  f o r  t + 1 U .  The more model 
p l a n t s  a v a i l a b l e  ana t n e  more a c c u r a t e l y  t h e  r e p r e s e n t a t i v e  
p l a n t s  c h a r a c t e r i z e  t h e  o t h e r  p l a n t s  i n  t h e  i n d u s t r y  i n  t h e  
r e g i o n ,  t h e  b e t t e r  w i l l  be t h e  p r o j e c t i o n  of t h e  aemand 
c u r v e  f o r  wa te r  f o r  t n e  e n t i r e  i n d u s t r y  a t  t + l w .  T h i s  
a g g r e g a t i o n  o f  p l a n t - l e v e l  wate r  demand c u r v e s  t o  a n  
i n d u s t r y  w a t e r  demand c u r v e  c a n  i n t r o d u c e  l a r g e  e r r o r s  i n t o  
t n e  a n a l y s i s .  The a n a l y s t  s h o u l d  c a r e f u l l y  examine  t h e  
r e p r e s e n t a t i v e n e s s  o f  t h e  moael p l a n t s  and t h e  l i k e l y  
c n a r a c t e r i s t i c s  of f u t u r e  i n a u s t r i a l  c a p a c i t y  t o  a s s e s s  t h e  
l i k e l y  ~ i a s  i n t r o d u c e d  a s  a  r e s u l t  o f  t h i s  e x t r a p o l a t i o n  
[ 3 1 1  
F o r e c a s t i n g  i n a u s t r  i a l  wa te r  u se  a l s o  r e q u i r e s  demand 
t u n c t i o n s  f o r  b o t n  a g r i c u l t u r a l  and m u n i c i p a l  u s e r s  b e c a u s e  
t n e  m a r g i n a l  c o s t  of wa te r  s u p p l y  is d e p e n d e n t  upon t h e  
t o t a l  w a t e r  u s e  i n  t n e  r e g i o n .  I n  o r d e r  t o  f o r e c a s t  
i n d u s t r i a l  wa te r  use  i n d e p e n d e n t l y  o f  o t h e r  wa te r  u s e r s ,  w e  
must  c h o o s e  t h e  " p r i c e  o f  w a t e r "  p r e v a i l i n g  a t  time t + l a ,  
o r  assume t h a t  t h e  s u p p l y  c u r v e  a t  t + 1 0  is p e r f e c t l y  
e l a s t i c  a t  t h e  g i v e n  " p r i c e  of  w a t e r " .  For example ,  w e  
c o u l d  assume t h a t  t h e  c u r r e n t  r e l a t i v e  p r i c e  of  w a t e r  w i l l  
c o n t i n u e  u n t i l  p e r i o d  t + l w .  I n  t h i s  c a s e  t h e  f o r e c a s t  o f  
i n a u s t r i a l  w a t e r  u s e  ( a s suming  a n t i c i p a t e d  w a t e r  p o l i u t i o n  
c o n t r o l  r e q u i r e m e n t s  a r e  n o t  i n c o r p o r a t e d )  w i l l  y i e l t i  v e r y  
s i m i l a r  r e s u l t s  t o  a t o r e c a s t  ~ a s e d  upon a  r e g r e s s i o n  o f  
q u a n t i t y  o f  w a t e r  u seu  on  some e c o n o l ~ ~ i c  v a r i a b l e  b e c a u s e  
t n e r e  w i l l  o f t e n  be  l i t t i e  v a r i a t i o n  i n  t h e  r e l a t i v e  p r i c e  
o t  w a t e r  i n  t n e  h i s t o r i c a l  d a t a .  
Yne q u e s t i o n  o f  how b e s t  t o  i n c o r p o r a t e  t e c h n o l o g i c a l  
c n a n g e  i n t o  w a t e r  u s e  f o r e c a s t i n g  i s  a d i f f i c u l t  o n e .  T h e r e  
a r e  a c t u a l l y  two a s p e c t s  t o  c o n s i d e r .  F i r s t ,  c h a n g e s  i n  t h e  
r e l a c i v e  p r i c e s  o f  f a c t o r s  o f  p r o a u c t i o n  w i l l  a f f e c t  t h e  
c n o i c e  of  t e c h n i q u e s ,  i . e . ,  which- t e c h n o l o g y  i s  s e l e c t e d  as  
t h e  l e a s t  c o s t  means t o  p r o d u c e  a  g i v e n  c o m n o a i t y .  To t h e  
e x t e n t  t n a t  some f u t u r e  t r e n d s  i n  r e l a t i v e  p r i c e s  a r e  
a i s c e r n a b l e ,  t h e  a n a l y s t  may p r e d i c t  which  o f  t h e  e x i s t i n g  
t e c h n i q u e s  w i l l  be u s e d  i n  t h e  f u t u r e  and  t h u s  t h e  e n s u i n g  
p a t t e r n  o f  w a t e r  u s e .  -- Second ,  new t e c h n i q u e s  may b e  
d e v e l o p e d .  F o r e c a s t i n g  s u c h  t e c h n o l o g i c a l  b r e a k t n r o u g h s  is 
muca more d i f f i c u l t  t o  i n c o r p o r a t e  i n t o  a  model o f  w a t e r  
u s e .  I t  t n e  a n a l y s t  knows t h e  c u r r e n t  r e s e a r c h  and 
d e v e l o p m e n t  e x p e n a i t u r e s ,  n e  may b e  a ~ l e  t o  d e t e r m i n e  t h e  
l i k e l y  w a t e r  u s e  c h a r a c t e r i s t i c s  o f  new t e c h n i q u e s  ana  t h u s  
i n t r o d u c e  t h i s  knowleage  i n t o  t h e  t o r e c a s t .  
Chanqes  - i n t e c n n o l o g y  c a n  a f f e c t  w a t e r  demand f u n c t i o n s  
i n  numerous  ways.  We c a n  a i s t i n g u i s n  be tween  c h a n g e s  i n  t h e  
c e c n n o l o g y  o f  u s i n g  and  t r e a t i n g  w a t e r  i t s e l f  and c h a n g e s  i n  
g r o a u c t i o n  t e c h n o l o g i e s  which  a l s o  im2act t n e  ways w a t e r  is 
u s e a .  Advances  i n  w a t e r  u s e  a n a  w a s t e w a t e r  t r e a t m e n t  
technologies c h a n g e  t n e  c o s t  o f  u s i n g  w a t e r  and  a r e  t h u s  
c a p t u r e d  i n  the p r i c e  o f  w a t e r  v a r i a b l e .  Changes  i n  
production t e c h n o l o g i e s ,  however ,  s h i t t  the demand f u n c t i o n  
t o r  f a c t o r  i n p u t s  s u c h  a s  w a t e r .  D i f f e r e n t  i n d u s t r i a l  
p r o c e s s e s  p r o d u c i n g  t h e  same o r  s i m i l a r  p r o d u c t s  u s e  w a t e r  
i n  d i f f e r e n t  ways and  t h u s  h a v e  d i f f e r e n t  demand f u n c t i o n s  
f o r  w a t e r .  The l i t e r a t u r e  is  f u l l  o f  e x a m p l e s .  W a s t e w a t e r s  
f r o m  K r a f t  p u l p  m i l l s  h ave  d i f f e r e n t  c h a r a c t e r i s t i c s  t h a n  
s u l f i t e  o r  groundwoou m i l l s .  B a s i c  oxygen  f u r n a c e s  g e n e r a t e  
c i i f  f e r e n t  r e s i d u a l s  and  have  d i f f e r e n t  c o o l i n g  r e q u i r e m e n t s  
t h a n  e l e c t r i c  a r c  o r  open  h e a r t h  f u r n a c e s .  Modern p e t r o l e u m  
r e f i n e r i e s  have  d i i f e r e n t  w a t e r  u s e  p a t t e r n s  t h a n  o l d e r ,  
s i m p l e r  r e f i n e r i e s .  The p o i n t  is  simply t h a t  wa t e r  demand 
i u n c t i o n s  f o r  a n  i n d u s t r y  c a n n o t  be  assumed t o  r ema in  f i x e d  
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a s  p r o d u c t i o n  t e c h n o l o q i e s  c h a n g e .  h a t e r  demand f u n c t i o n s  
-
f o r  a  s i n g l e  i n a u s t r i a l  f a c i l i t y  c a n n o t  be assumed t o  r e m a i n  
- - 
t i x e d  a s  i n d i v i d u a l  p r o c e s s  u n i t s  a r e  r e p l a c e d  w i t h  more 
moctern e q u i p m e n t .  T e c h n o l o g i c a l  c h a n g e  c a n  e i t h e r  i n c r e a s e  
o r  d e c r e a s e  t h e  i n d u s t r y ' s  demand f o r  w a t e r  ~ i t l l d r a ~ a l ~ ;  t h e  
m a t t e r  is  a g a i n  o n e  f o r  i n v e s t i g a t i o n .  
I n  a d a i t i o n  t o  t e c h n o l o g i c a l  c h a n g e s ,  p r o j e c t i o n s  o f  
i u t u r e  w a t e r  u s e  s h o u l a  i n c l u d e  a n  e x a m i n a t i o n  o f  c n a n g e s  - i n  
t n e  q u a l i t y  of f a c t o r  i n p u t s ,  p r o d u c t  s p e c i f i c a t i o n s ,  and 
- - -- -
p r o d u c t  --- mix of an i n a u s t r y  o r  i n d u s t r i a l  f a c i l i t y  due? e i t h e r  
t o  changes  i n  t h e  r e l a t i v e  p r i c e s  o f  p r o d u c t s  o r  c h a n g e s  i n  
t a s t e s  .- Changes i n  r e l a t i v e  p r i c e s -  n o t  o n l y  i n f l u e n c e  t h e  
c n o i c e  of t e c h n i q u e s ,  b u t  a l s o  t h e  v e c t o r  of  f i n a l  demands. 
I f  t h e  p r i c e  of p l a s t i c s  f a l l s  r e l a t i v e  t o  p a p e r ,  t h e  s w i t c h  
t o  p l a s t i c  packaging  w i l l  have  i m p l i c a t i o n s  f o r  i n d u s t r i a l  
w a t e r  use  and was t ewa te r  a i s c h a r g e s .  A t  t h e  p l a n t  l e v e l  t h e  
i ~ i i p o s i t i o n  of p o l l u t i o n  c o n t r o l s  w i l l  i n c r e a s e  t h e  r e l a t i v e  
a i i f e r e n c e s  i n  c o s t s  o f  p r o d u c i n g  b l e a c h e a  p a p e r  v s .  
unPleached  p a p e r .  I n c r e a s e d  Gemanas f o r  s p e c i a l t y ,  n igh -  
q u a l i t y  s t e e l  w i l l  a l t e r  t h e  amount o f  g r o s s  w a t e r  a p p l i e d  
p e r  t o n  and t n e  c h a r a c t e r  of tf ie was t ewa te r  s t r e a m .  Changes 
i n  t a s t e s  may i n c r e a s e  t h e  aemand f o r  throwaway b o t t l e s  and 
c a n s .  S o u r c e s  of c r u d e  o i l  may c o n t a i n  more s u l p h u r  and 
t h u s  e n t a i l  n i g h e r  p o l l u t i o n  c o n t r o l  c o s t s .  The 
c h a r a c t e r i s t i c s  of a g r i c u l t u r a l  p r o d u c t s  r e c e i v e u  by food  
processing p l a n t s  may c n a n j e  due t o  t n e  i n t r o u u c t i o n  of  
au toma ted  h a r v e s t i n g  t e c h n i q u e s  o r  new v a r i e t i e s  of  c r o p s .  
'i'ne o r e s  r e c e i v e d  a t  b e n e f i c a t i o n  f a c i l i t i e s  may become 
p r o g r e s s i v e l y  p o o r e r  a s  t n e  r i c h e r  s o u r c e s  a r e  e x h a u s t e d  and 
r e q u i r e  a d d i t i o n a l  p r o c e s s i n g  and water  u se .  Such t r e n d s  
and c h a n g e s  i n  p r o a u c t  mix,  i n p u t  f a c t o r  q u a l i t y  and p r o d u c t  
s p e c i f i c a t i o n s  a r e  o f t e n  d i f f i c u l t  t o  q u a n t i f y  and 
i n c o r p o r a t e  i n  p r o j e c t i o n s  of  wa te r  u s e s ,  b u t  a t  a  minimum 
t h e  a n a l y s t  s h o u l d  be aware  o f  t h e  a s s u m p t i o n s  b e i n g  made, 
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We have  s e v e r a l  a d a i t i o n a l  o b s e r v a t i o n s  on t h e  
f o r e c a s t i n g  of  i n a u s t r i a l  w a t e r  u s e .  The f i r s t  is p e r h a p s  
a n  o o v i o u s  m e t n o a o l o g i c a l  s o i n t .  Any f o r e c a s t  is  s u b j e c t  t o  
e r r o r  from u n f o r e s e e n  e v e n t s  and random s h o c k s  t o  t h e  
s y s t e m .  A model of i n d u s t r i a l  wa te r  u s e  a t t e m p t s  t o  e x p l a i n  
t n e  f u t u r e  p a t t e r n  of  water  u s e  i n  t e r m s  of  p r o j e c t e d  
c n a n g e s  i n  a  l i rn icea  numoer of v a r i a b l e s .  The model is 
a l w a y s  i n c o m p l e t e .  We s n o u l a  e x p e c t  s u r p r i s e s .  F o r e c a s t i n g  
inoaels  o t  i n a u s t r i a l  wa te r  u se  a r e  o n l y  a  u s e f u l  p l a n n i n g  
t o o l  i f  t h e  a n a l y s t  u n o e r s t a n a s  t n e i r  l i m i t a t i o n s  and is  
p r e p a r e a  t o  a u j u s t  t o  u n a n t i c i p a t e d  c i r c u m s t a n c e s .  
Secona ,  knowledge of  f o r e c a s t i n g  t e c h n i q u e s  is  no 
s u b s t i t u t e  f o r  an u n u e r s t a n d i n g  of  t h e  a c t u a l  s i t u a t i o n s  i n  
i n c l u s t r i e s  and wa te r  s u p p l y  s y s t e m s .  Tne d e f i c i e n c i e s  i n  t h e  
d a t a  i n  t h i s  f i e l a  a r e  o f t e n  s o  s e v e r e  t h a t  o n l y  a n  a n a l y s t  
w i t n  such  an  u n d e r s t a n d i n g  can  judge  how t h e  d a t a  c a n  be  
u s e d .  For example,  i n  h i s  p a p e r  "Ivlodelling of  Water Demands 
a n a  v i a s t e w a t e r  D i s c h a r g e s  i n  Englancl a n a  w a l e s " ,  K o ~ e r t  J. 
S m i t n  n o t e s  t n a t  t h e  t r e n d  i n  pe; c a p i t a  c o n s u ~ n p t i o n  o f  
u n m e t e r e u  w a t e r  s i n c e  1 9 6 1  i s  s i g n i f i c a n t l y  i n f l u e n c e d  ~y 
v e r y  h i g h  u a t a  f o r  1 a n a  1 9 6 4 .  T h e s e  u a t a  a r e  
a t t r i b u t a b i s  t o  s e v e r e  w i n t e r  w e a t n e r  i n  e a r l y  1 9 6 3 ,  w h i c h  
c a u s e d  a  l a r g e  numoer of  p i p e s  t o  b u r s t  and  c o n s e q u e n t l y  a  
n i g h  l e v e l  of l e a k a g e .  Only  someone f a m i l i a r  w i t h  s u c h  d a t a  
would  know how t o  i n t e r p r e t  them.  
'The t h i r d  c o n c e r n s  t h e  f o r e c a s t i n g  o f  p e a k  l o a d s .  
T n r o u g h o u t  t n i s  p a p e r  w e  h a v e  i m p i i c i  t l y  t a l k e d  o f  
i n d u s t r i a l  w a t e r  u s e  i n  t e r r n s  o f  a v e r a g e  d a i l y  o r  m o n t h l y  
f l o w s .  The p r o b l e m  o f  p e a k  l o a d  demands  i s  g e n e r a l l y  a  inore 
c r i t i c a l  i s s u e  f o r  m u n i c i p a l i t i e s  t h a n  f o r  i n d u s t r i e s .  Many 
l a r g e  w a t e r - u s i n g  i n d u s t r i a l  f a c i l i t i e s  o p e r a t e  2 4  h o u r s  a  
o a y ,  7 d a y s  a  week a n d  a r e  n o t  s u b l e c t  t o  t h e  same t y p e  o f  
a a i l y  c y c l e s  o f  w a t e r  u s e  a s  m u n i c i p a l i t i e s .  M o r e o v e r ,  solile 
i n d u s t r i a l  f a c i l i t i e s  w i t h  p e a k  l o a d  demands  s t o r e  e n o u g h  
w a t e r  t h e m s e l v e s  t o  a v e r a g e  o u t  some s t o c h a s t i c  v a r i a t i o n s  
i n  w a t e r  u s e .  However ,  Hanke and Bower a r g u e  t h a t  t h e r e  is 
v e r y  s u b s t a n t i a l  s t o c h a s t i c  v a r i a t i o n  i n  t n e  demand f o r  
i n t a k e  w a t e r  and  w a s t e w a t e r  d i s c h a r g e s .  
'"i'ne v a r i a b i l i t y  o c c u r i n g  i n  ' n o r m a l '  o p e r a t i o n s  h a s  
b e e n  u n d e r e s t i m a t e d  a n d  o v e r l o o k e d .  T h e s e  v a r i a t i o n s  
r e f l e c t  c h a n g i n g  q u a l i t i e s  o f  raw m a t e r i a l  - n o t  o n l y  
t r o m  d a y  t o  d a y  b u t  w i t h i n  t h e  d a y  -, w e e k l y  and  
s e a s o n a l  c n a n g e s  i n  p r o d u c t  m i x ,  a m b i e n t  t e m p e r a t u r e s  
a n d  v a r y i n g  c o n a i t i o n s  o f  o p e r a t i n g  e q u i p m e n t .  I n  
a d d i t i o n  t o  these v a r i a t i o n s  u n d e r  n o r m a l  o p e r a t i n g  
c o n d i t i o n s ,  t h e r e  a r e  s u b s t a n t i a l  v a r i a t i o n s  a s s o c i a t e d  
w i t h  ' s t a r t - u p '  a n d  ' s h u t - d o w n '  p e r i o d s  a n a  a c c i u e n t i a l  
s p i l l s  a n u  b r e a k d o w n s  [ 3 2 ]  ." 
'The r e a s o n s  f o r  t h e  p e a k  t o  a v e r a g e  r a t i o  a r e  l i k e l y  t o  
v a r y  w i d e l y  b e t w e e n  p l a n t s  i n  o n e  i n d u s t r y  a n d  b e t w e e n  
u i r t e r e n t  i n u u s t r  ies .  The s i g n i f i c a n c e  o f  s u c n  p e a k  l o a d  
v a r i a t i o n s  i n  i n u u s t r i a l  w a t e r  u s e  d e p e n d s ,  o f  c o u r s e ,  upon 
t h e  p a r t i c u l a r  p o l i c y  i s s u e  t h e  w a t e r  r e s o u r c e s  a n a l y s t  
w i s h e s  t o  a d a r e s s .  The  s t a n d a r d  e n g i n e e r i n g  p r o c e d u r e  f o r  
e s t i m a t i n g  m u n i c i p a l  p e a k  l o a d  demands  is t o  s i m p l y  m u l t i p l y  
a v e r a g e  f l o w s  f o r  some t i m e  p e r i o o  by some f a c t o r  w h i c h  
a e p e n a s  upon the  s i z e  o f  p o p u l a t i o n  a n d  p o s s i b l y  a  few O t h e r  
v a r i a ~ l e s .  U s e  o f  s u c h  a r u l e  o f  thumb may w e l l  p r o v e  v e r y  
i n a c c u r a t e  f o r  f o r e c a s t i n g  i n d u s t r i a l  p e a k  l o a d  demand.  We 
d o  n o t  know o f  a n y  mode l  which  e x p l a i n s  p e a k  l o a d  i n d u s t r i a l  
w a t e r  u s e  e x c e p t  a s  a  simple m u l t i p l e  o f  a v e r a g e  f l o w s .  The 
s t u d y  o f  t h e  s t o c h a s t i c  v a r i a t i o n s  i n  i n d u s t r i a l  w a t e r  
w i t h a r a w a l s  a n a  wastewater d i s c h a r g e s  is c e r t a i n l y  a n  a r e a  
w h i c h  d e s e r v e s  f u r t h e r  r e s e a r c h .  D e t a i l e d  f o r e c a s t i n g  oi 
s u c h  v a r i a t i o n s  seems i m p r a c t i c a b l e  t o  i n c o r p o r a t e  i n  t h e  
p l a n n i n g  p r o c e s s  i n  t h e  n e a r  f u t u r e .  
To summar ize ,  i n d u s t r i a l  water  u s e  f o r e c a s t s  a r e  
p r e p a r e d  t h r o u g h o u t  t h e  world w i t h  s i m p l e  s t a t i s t i c a l  
methods .  More s o p h i s t i c a t e d  f o r e c a s t i n g  t e c h n i q u e s  
u t i l i z i n g  r e g r e s s i o n  and i n p u t - o u t p u t  a n a l y s i s  a r e  becoming 
more w i d e l y  u s e d ,  b u t  t h e y  do  n o t  o f f e r  e x p l a n a t o r y  models  
o f  i n d u s t r i a l  wa te r  u se .  Water demand f u n c t i o n s  d e r i v e d  
from s t a t i s t i c a l  models  o f  i n d u s t r i a l  wa te r  u s e  would 
t n e o r e t i c a l l y  be u s e t u l  i n  f o r e c a s t i n g  i n d u s t r i a l  wa te r  u s e ,  
Dut t h e  l i m i t a t i o n s  o f  t h e  a v a i l a o l e  d a t a  r e n d e r  tnem o f  
l i m i t e d  u t i l i t y .  Al though s u b j e c t  t o  numerous l i m i t a t i o n s ,  
l i n e a r  programming models  o f  i n d u s t r i a l  p l a n t s  o f f e r  t h e  
o n l y  s y s t e m a t i c  means o f  a n a l y z i n g  b o t h  e n g i n e e r i n g  and  
economic d a t a  t o  u e r i v e  i n d u s t r i a l  wa te r  demand i u n c t i o n s  
f o r  f o r e c a s t i n g  p u r p o s e s .  Tne deve lopment  o f  i n d u s t r i a l  
p r o c e s s  models  is c o n s t r a i n e d  by b o t h  l i m i t e a  manpower and 
t i n a n c i a l  r e s o u r c e s .  The b e n e f i t s  o f  such  models  a r e  n o t ,  
however ,  l i m i e e d  t o  wa te r  r e s o u r c e s  p l a n n i n g ,  and a s  t h e y  
oecome more w i a e l y  used i n  economic p l a n n i n g  and  p o l i c y  
a n a l y s i s ,  i n d u s t r i a l  p r o c e s s  models  p romise  t o  b e  a  u s e f u l  
i o r e c a s t i n g  t o o l  i n  t n e  water  r e s o u r c e s  f  i e l a .  
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A P P E N D I X  
MATHEMATICAL DERIVATION 
OF - iATERDEMAND - -- FUNCTIONS [ 3 3 ]  
- - 
The ob jec t ive  of the  f i rm i s  commonly charac ter ized  a s  
p r o f i t  maximization sub jec t  t o  the  c o n s t r a i n t s  t h a t  p r o f i t s  
be nonnegative and t h a t  output  be f e a s i b l e  i n  terms of the  
production funct ion.  Consider a  f i rm with t h r e e  
inputs - -capi ta l  ( K )  , labor (L )  , and water ( W )  --producing a  
product X w i t h  a  production funct ion X = f  ( K , L , W ) .  The 
problem of the  firm i s  t h u s  
Naximize P r o f i t s  = Total Revenue - Total  Costs 
subjec t  t o  x = f  ( K , L , w )  and n - > 0 where EX.Pk,Pi~and- $: 
a r e  the p r i c e s  of the product and t h e  inpu t s  c a p i t a l ,  l abor ,  
and water,  respect ive ly .  
We can s u b s t i t u t e  the  production funct ion f o r  X :  
MAX n = Px [ f ( ~ , L , w ) ]  - [P, K + P1 L + Pw W] 
The f i r s t  order  opt imal i ty  condi t ions are :  
S i n c e  P  i s  some f u n c t i o n  g  ( P k , ~ l , ~ w ) ,  t h e  f i r s t  o r d e r  
c o n d i t i g n s  a r e  t h e  i m p l i c i t  demand f u n c t i o n s  f o r  t h e  f a c t o r  
i n p u t s .  I f  w e  knew t h e  p r o d u c t i o n  f u n c t i o n ,  w e  c o u l d  
s t r a i g h t a w a y  s o l v e  t h e s e  e q u a t i o n s  f o r  t h e  e x p l i c i t  d e n a n d  
f u n c t i o n s  f o r  t h e  i n p u t s :  
The q u a n t i t y  o f  w a t e r  demanded i s  t h u s  some f u n c t i o n  o f  t h e  
p r i c e  o f  w a t e r ,  t h e  p r i c e s  o f  t h e  o t h e r  i n p u t  f a c t o r s ,  a n d  
t h e  l e v e l  o f  o u t p u t .  
T h e  demand f u n c t i o n s  f o r  t h e  i n p u t  f a c t o r s  c a n  be  s i m i l a r l y  
d e r i v e d  f r o m  t h e  f i r s t  o r d e r  c o n d i t i o n s  o f  t h e  d u a l  p r o b l e m :  
M i n i m i z e  C o s t s  = Pk K + P l e L + P w - W  
s u b j e c t  t o  t h e  p r o d u c t i o n  f u n c t i o n ,  h o l d i n g  o u t p u t  c o n s t a n t .  
I n  t h i s  c a s e  w e  o n l y  o b s e r v e  t h e  s u b s t i t u t i o n  e f f e c t  o f  a  
c h a n g e  i n  t h e  p r i c e  o f  w a t e r ,  a n d  t h u s  c a n n o t  d e v e l o p  t h e  
c o m p l e t e  m e a s u r e  o f  t h e  own p r i c e  e l a s t i c i t y  o f  demand f o r  
w a t e r .  
To d e r i v e  t h e  own and  c r o s s  p r i c e  e l a s t i c i t i e s  o f  t h e  demand 
f u n c t i o n  f o r  w a t e r  (2 , P i  w h e r e  i = w , l , k )  . a pi 
We f i r s t  t a k e  t h e  t o t a l  d e r i v a t i v e s  t o  o b t a i n :  
We t h e n  s o l v e  f o r  dW by C r a m e r ' s  r u l e :  
To o b t a i n  t h e  own and  c r o s s  p r i c e  e l a s t i c i t i e s  of  demand f o r  
w a t e r  w e  s i m p l y  d i v i d e  t h e  v a l u e  f o r  dW by dPw, dP o r  dP 
and  t h e n  m u l t i p l y  by Pw, P  , o r  P  , r e s p e c t i v e l y .  bAe p o i n &  
o f  t h i s  e x e r c i s e  is t o  ! l l u s t r a t e  t h a t  t h e  c o m p u t a t i o n  of 
t h e  own and  c r o s s  p r i c e  e l a s t i c i t i e s  of  t h e  demand f u n c t i o n  
f o r  w a t e r  i n v o l v e s  a d e t a i l e d  u n d e r s t a n d i n g  o f  t h e  f i r m ' s  
p r o d u c t i o n  f u n c t i o n  and t h e  m a r k e t  f o r  i ts p r o d u c t .  The  
s i g n s  o f  t h e  c r o s s - p r  ice e l a s t i c i t i e s  a r e  ambiguous;  o n l y  
t h e  s i g n  o f  t h e  own p r i c e  e l a s t i c i t y  is known ( i - e . ,  
n e g a t i v e ) .  T h e s e  r e s u l t s  g e n e r a l i z e  t o  t h e  n - f a c t o r  case. 
I t  i s  d i f f i c u l t  t o  d i s t i n g u i s h  be tween  o u t p u t  a n d  
s u b s t i t u t i o n  e f f e c t s  f rom a change  i n  t h e  p r i c e  of w a t e r  
w i t h o u t  a s suming  a p a r t i c u l a r  fo rm o f  p r o d u c t i o n  f u n c t i o n  
s u c h  as  c o n s t a n t  r e t u r n s  t o  scale.  Although  t h e  e x a m i n a t i o n  
o f  t h e  t w o - f a c t o r  case d o e s  g i v e  some f e e l  f o r  t h e  p r o b l e m s  
i n v o l v e d  i n  d e t e r m i n i n g  t h e  e l a k t i c i t y  o f  demand f o r  a 
f a c t o r  i n p u t ,  t h e  r e s u l t s  f o r  t h e  t w o - f a c t o r  case d o  n o t  a l l  
g e n e r a l i z e  t o  t h e  n - f a c t o r  case b e c a u s e  i n p u t s  may b e  e i t h e r  
s u b s t i t u t e s  o r  complements .  
Bla i r  Bower h a s  s u g g e s t e d  t h e  f o l l o w i n g  c o n c e p t u a l  
r e l a t i o n s h i p  o f  t h e  q u a n t i t y  o f  water wi thd rawn ,  consumed, 
and  d i s c h a r g e d  t o  f a c t o r s  o f  p r o d u c t i o n  f u n c t i o n  and  t h e  
e c o n o m i c  e n v i r o n m e n t  o f  f i r m  [35]  : 
w h e r e  
Q I T  = t h e  q u a n t i t y  a n d  time p a t t e r n  
o f  w a t e r  i n t a k e ;  
C t = t h e  q u a n t i t y  a n d  t ime p a t t e r n  
o f  c o n s u m p t i v e  u s e ;  
Q D t  a n d  W D t  = t h e  q u a n t i t y  a n d  t i m e  p a t t e r n  
o f  w a s t e w a t e r  d i s c h a r g e  a n d  
r e s i d u a l s  i n  t h e  w a s t e w a t e r ,  
r e s p e c t i v e l y ;  
Got an6 w5t = r h e  q u a E r i c y  a n a  c i m e  p a t t e r n  
o f  f i n a l  e f f l u e n t  w a t e r ,  a n d  
r e s i d u a l s  i n  t h e  e f f l u e n t  w a t e r ,  
r e s p e c t i v e l y ;  
Q t  a n d  q t  = t h e  , ~ u a n t  i t y  a n d  q u a l i t y  a n d  
their c o r r e s p o n d i n g  time p a t t e r n s  
o f  water a v a i l a b l e  a t  t h e  i n t a k e ;  
= t h e  water and  waste t r e a t m e n t  
p r o c e s s e s  w i t h i n  t h e  p r o d u c t i o n  
u n i t ;  
PP = t h e  t e c h n o l o g y  o f  t h e  
p r o d u c t  i o n  p r o c e s s ;  
L = t h e  p h y s i c a l  l a y o u t  o f  t h e  p l a n t ;  
OR = t h e  o p e r a t i n g  r a t e ;  
Porg  = t h e  p r o d u c t  o u t p u t  q u a l i t y  
r e q u i r e m e n t s ;  
R = t h e  d e g r e e  of  r e c i r c u l a t i o n ;  
= t h e  s o l i d  w a s t e s  f rom t h e  
p r o d u c t i o n  p r o c e s s ;  
= t h e  l i m i t a t i o n s  on t h e  f i n a l  
l i q u i d  e f f l u e n t ;  
Ac = t h e  l i m i t a t i o n s  o f  t h e  f i n a l  g a s e o u s  e f f l u e n t ;  
Qdt and  qdt = t h e  q u a n t i t y  and  q u a l i t y  and  
t h e i r  c o r r e s p o n d i n g  t i m e  p a t t e r n s  
o f  w a t e r  a v a i l a b l e  f o r  d i l u t i o n  a t  
t h e  e f f l u e n t  p o i n t ;  
= a v a i l a b i l i t y  p l a c e s  f o r  f i n a l  
d i s p o s a l  o f  w a s t e s ;  and 
Cw ICt = t h e  r a t i o  o f  t o t a l  w a t e r  
u t i l i z a t i o n  c o s t s  t o  t o t a l  
p r o d u c t i o n  c o s t s .  
A l though  o b v i o u s l y  n o t  an  e x p l i c i t  f u n c t i o n a l  r e l a t i o n s h i p ,  
t h e  f o r m u l a t i o n  d o e s  i l l u s t r a t e  t h e  k i n d s  o f  f a c t o r s  which 
would have  t o  be  i n c l u d e d  i n  o u r  g e n e r a l i z e d  p r o d u c t i o n  
f u n c t i o n  x  = f (K,L,W) i n  t h e  p r e v i o u s  example.  
